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ABSTRACT

Vat203s for ottaining fozi:zaiion rate contours, fractionation
puzters, aioz.cozc2niretion izntensity retlos, anl particle site distribution
fro= the Miller fellout =ocdel are given. Incluled are cocplete cozputer
rrogTess for estiz-ating sublizmatlon pressures, loznl:atlon rate contours,

erld particle cize parezaters.

Graph? integration of ceiivity Sfroa fallout ¢ver the watersheds
serving Zoiston, Tex2s and Naw Yorx City {s fascrited. loxinmum levels of

selectel conte=irsnts et the water Intexe

L)

or trese citles unler most adverse
wiz3 cordislozs were calculated e=2 reporied In pe/cl es follows: MNew York

City: S»-39, €3 x 1.0'3; $z-90, 5.9 x 1073, Ru-10%, 7.1 x 10"‘- I-131,

» »

-2 -
7.6 x 10°2; €5-137, L.L x 107%; 22-1%0, 5.3 x 107, Eouston; Sr-89, 1.9 x 1072
Sr-90, 1.9 x 10’!‘; R:.105, 2.5 x 10’3; I-1i, 2.5 x 10'1; Cs-137, 1.C x 10"‘
Be-1%0, 1.9 x 101,

.
1]

]
’

I+ i{s concluded that the coxziritutlon of irduced radiloactivity
to the contex=irnastion of water supplies would not be sigrnificaat.

Vany cocmerclally availanle Instrzents of the survey type can
te used to detect sleguately the prosence of substantliel coacentratioas

o? raidlolsotopes in waser under e-ergacey coniltloans. For =ore accurate

ceesureseat 0F such cozceairetions Co.n to sale levels =—ore sensitive
equipcent or =ethads of precoztentiration of the sa=ples are needed. Such

—ethcds or fnstnsarts should extend the remge of sznsiillivity by a factor

of tze orcer of 100 azi saould e re=if)y alapicdle for fleld use. Ouilines

25 proceduses for tre exalysis of radloactiivity In water are given. Efficiency

of water decozte—iration bty Various zeztols 1s discussed.

Boldy turiens of f-iividiel reifolsotopes =oy e lelerczined from

& consiceration of the rate OF Incystion, tze effccilve decay rate, and the

T T WU T VTR S IO, O, SRR L 5 L D4 0E U WL Sl R At il a*alasd
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affiaity for the 1sotope of the eritical organ. It is Belfeved that

uptake of radiocactive 1sotopes may be reduced or prevented by selective
tlocking of critical orgAns vith stable isotopes.
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T. INTRODUCTION

Tne purposc of this study was to cveluate ard sumaarize available
information on the problem of water contamination by rcdfoactive fallout
ia the event of nuclear var, Considerntion he3 tcen given to the current
theories of the formatfon and distribution of fallout and the level of
fallout that might result from & poseible nuclear attack.

Of the various attack models thet have teen recently descril‘.ed(l’?’)

\
the one prepared ty Technical Operations, Inc.(3’

nas been selectcd as
most appropriate for the present study. This wodel appears to have “een
well thought out &nd carefully developed, giving due con:idgraticn to the
relative importence of various military, iadustriel, gov<iumental, end
pow-er resource targets. This model assumes all detonations to ke curfaes
bursts, although perhaps a more realistic situation would include many
alr bursts, which would be more effective against an whardened military
or industriel terget. As the type of burst has a consideruble influcnce
on the fallout producrd, it must be carefully evaluated in a ctudy of
wvater contaminstion.

A thorough analyeis of thc¢ fellout model of Mincr(h) Luo been
xade, CScveral important functions derived from this model have been
utilized in this study and are discusscd in dotail in Section II, "Suwrmary
of Analy3ais of the Fallout Model".

Information from the Miller model has ulco tesn uaed in the
study of poscible levels of contemination by selected icotopes in the water
cupply systems of Houcton, Texas and lew York City. With sppropriete con-
cideration o the assumptions made, thecse recultc may Lo applicd to the

watersteds of municipalities other than those choun liere.




020

This study 1s concerned with the effect of tndividual nuclear
tlasts, and does not consider the effects of overlapping fallout patterus. :
The complex problenm of overlap has been treated by Technical Operations, .
Inc.(s) aad cthers, but additional studies on this sudbject eppear desiyable.

Transport of fallout by surfmce vater has been studied. Evalua-
tlon of the effects of watersbed characteristica on the concentration of
redioactivity in surfece water would be valuable,

Decontamination procedures, both standard and emergency, have
teen descrived prcviously.(s)(Sce Appendix A) These proccedures age evaluated
eccomiing to thelr efficacies for the removal of various radiolsotopes and
nlso according to the feasibility of their use after a nuclear attack.

For purposes of this study, it has reen assumed that wvatervorks facilitles
heve suffered only minimal damage, and thet perconncl will be available
for operation.

A study of pudblished methods of redicchemical analysels and
existing instrumentation has been made., Due to the question of avallability
of personnel and facilities it appears that this informetion will be of more
valuce in recognizing long-temrm hazards than in determining potability ia
the immcdiate pooteatiack period.

The blological uptake and resultant body burdens in man have beea
evaliuated in relation to the levels of water contemination conoidcred likely.
Fx{cting dcta has been put into a workable form so vhat the body burden
of any of the celected biologically important radicisotopes may be determined
at any epecific time after the {nitiation of intuke.

"The internsl radiatioa hazard resulting from nuclear attack 1s

of imperturce only to those persons vho survive the catastrophe for a

period of several years. As a primary annihilator, it 1e of no consequénce,




.3.

as the extermal dose concomitant with a lethal Intermal dose 13 more deadly
by several orders of magnitude. In general, radiation from sub-lethal

. concentrations of internally deposited radionuclides acts slowly, and
ts results do not becoce apparent for years, Therefore, the {nterna)l
radiation hazard 1s not among the forces debilitating the popalation and
reducing its immediate ability to cope with a radically altercd environ-
ment, Rather it has long-tcrm effects which culminate in produclng disenses
such as cancer, shortening of the lifc span, and possibly afrccting the

germ plasm of mankind to a small degme.'(6)

W’.‘M ¥ A A e e R R LA Ve el A Al A sl Al ala et a TR R AT o awtin. n.d
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I1. SUMMARY OF ANALYSIS OP THE 0.C.D. FALLOUT MODEL

A. Basic Assunptions of the 0.C.D, Model

During the inlitlal phase of this project, the Postattack Research
Division, Office of Civil Defense, request.ed‘ that all studies be based on the
fallout modal as develop:d in "Pallout and Radiologiecal Countcmeasuree"(h).
A thorough end quantitative study of the model was coaducted because the
evaluations of water contamination depend dircetly on previously established
infomation conceming the distribution and propertics of local fallout. The
results of the detailed study are novw presented {n summary form.

The model was bascd on both established physico-chemical theories
and actual test data, brought together by the scaling method. The rationality
and simplicity of the baslc assumptions provide this model with many advane
tages. The basic ascumptions include:

(1) The model applies generally to a "ground surface” burst, but
{t can be extended to other types of detonations by cultadle transformations.

(2) The required input data consist of the weapon yleld and the
vind velocity.

(3) The rudfoactive decny cchemes, chemical properties and relae

tive abundances of the fission products are based on the data duveloped by
8)

, and Miller ond Loeb(g).

Bolles & Ballou”). Knt.coft(
(4) ‘The increase of the firchall volume with time is broed on

the adiabatic expoancion of an idcal gas with the thermodynamiec cquations

modificd to {nclude a term for the change in frce cnergy vith altitude and

with the external pressure preportional to exp (-mgz/xt)".

For cxplanation of symbols, cce Glossary.
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{(5) Tae radioective cloud i¢ mssumcd to have the shape of an
otlate spheroid; hence the lonization rate contours or fallout patierczs
under a cozstent wind velocity are generully cigar-sheped.

(6) A2l values for the dimcncions end properties of the firecell
and fallout patterns are scaled from test data by the scaling method to te
a function of weapon yleld and wind veloelty.

(7) The cordensation procesc of fallout is divided itto two
time periods: (a) the first pericd 1s charscterized by the presence of
gas and liquid phases and cnds when the bulk carrier or substrate material
of the particles solidifies, and (b) the cecond perlod 13 characterized
by the existence of gas and solid phases. The temperature of 1673°K 1s
used to divide these two pecriods of condencation. The radiocactive material
vhich condenses in the first period will be fused inside the fallout parti-
cles and gererslly becomes insoluble in water. The material which condernses
during the cecond pertod vill be adsorbed on the outside of the fallout
particle and bccomes reedily soluble in water. With these basic assuap-
tions, the model will yleld the intensity, the activity and atom-concentra-
tion for a specific dowrwind area and other, related information.

B. Pommaution and Ceomctry of Stem and Cloud

ter 8 surface burst, the firctall forms the shape of a sphiere,
and {ts mdii, toth horlzontal and vertical, expond exponentially with
altitude as it rices. Since the expansion cocfficlents are different for
the two redil, the riretall grovs to the form of an oblate spheroid, «with
a circular tov-vic and an clllipticul uvide-view, When the fircball reactes
{ts rinal statilized hcl(.j'xt, 1t ie commonly krown as the "clo@“. A stea

1o shnped bty the trajectory of a continuously expanding fircball and

acouncs the form of an inverted expoacntial horn.
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The initiasl spherical radius of ke firebal), Rs' the final
horizontal semi-axis, a, the final verticsl semi.axis, b, and the final
height of the center, h, of the cloud - ere related to the wveapon yleld,

¥, through empirical data as shown in the Zollosing sealing functions:

R, «2.09 x 10° WO 333 e, W el to10° KT (1)
a = 2.45 4 203 WO gy, Walto 10° KT (2)
b = 1.50 x 103 w930 g¢, W el to 100 KT (3)
h o« 0.66 x 10° WO-M5 g¢, W lto28 KT (%)
B o= 1.68 x 10° w010 gy, W =28 to 10° KT (ka)

At a given altitude, Z, the horfz>:tzl and vertical scemi-axis

of the fireball can be obtained by

az ] ‘oekaz (5)
b, = be® (6)

vhere L bo’ k., kb can be solved from the ¥nown infomation of Rn’ a, b, h.

The geometry of both stem and cload §s shown in Figure 1.

C. Particle Size Para.eter and Ionization Zzte Contours

As mentioned previously under the tasic agssumptions, the figsion
products are elther fused inside or aodsorted on the outside of the dust
particles and are inhsled into the fireball. The uitimate ionization rate
contours, or fallout patterns, on the gro.=: are rclated to the size of the
falling particles. The particle size parezs‘er, a, is defined as the ratio
of wind veleocity, Vv, to the average fallizg velocity of the particle, Vt,

gince {t 18 more concermed with the fallirg rate then the actusl physical

size of a particle.




od.

NOTE: The particles with meximum ¢ valves and
porticles with minimum » valyes which
foll on point X downwind hem the clod
foll slong paths described by "o *4
Tan respectively.

P (2, ve, &)

(nge 7o 3y

s X
CROUND 2ERO =, GROUND ZERO }e

p—

(COORDINATE QRIGIN AT GROUND ZERQ) (COORDINATE ORIGIN AT CLOUD CENTER)

Yigure 1. Geometry of Stea apd Cloud



For the stem, {t 13 assumed that the particles at a given altitude in
. the rising fireball are concentrsted on a horizontal plane through the center
of the fireball. Therefore, all particles vhich have equal values of & fall
out of the stem starting at the same altitude. Any particle starts to fall

vwhen its instantaneous falling rate, VZ, equals the rate of rise of the sur-

rounding alr mass, é—‘f. There 13 an empirical relation betuecen Vz, ! and
the fireball altitnde Z:
' Ve = Pz (n

vhere p»0.95, q =102 x 10'5, vwhere 2 = 5,000 to $0,000 rt
. with particle diameter @ = 200 to 1,200 microns
p = 0.58, q=1.7hx 10'5, vhen 2 = 50,000 to 110,600 e
with particle diameter ¢ = 300 to 1,000 microns

There is alsu an empirical approximation for 2:

=X, t
2 = zo (L -e kz ), for ¢ = 20 to 4BO seconds (8)

where z° 15 a8 yleld depcndent multiplier'

X, 1o 0.01l sec™t.

Thus,

vz.%-xz(zo-z) (9)

For values of zo, sce Plgure S.
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Therefore, the particle size parameter, 4, for the particle group
‘falling from the altitude 2 is

v, v (p + q2) i
a = —; = W (10)

<

Moreover, it can be determined from geometry of the stem that

az = X4 a8, ( ¢ for A ind - for am) (11)

Therefore, am and amin 4y be obtained for the particles falling
at a distance X froa ground zero, 1In addition, the rising and falling time
for particles of a given value of & can be determined from combining Equae

tions (8) and (10), as shown below

2 +V.q2
1 m‘z -] V' o "
t. (sec) = i-z- 1n [vvp VL ) (12)
a Z -V
ty (sec) = \(r"('m‘z“—o Y VUP)J (13)
v wd
The outer dimensions of the cloud are defined by
2 2 2
L . L oe (14)
a b
. Congequently, Gm and amin for the dovnwind distance X can be
derived, as shown by the cquation
< a 2
a nX_ ¢ gzba (1.-%/s%) + (a° - ¥7) (n . w21 - Y /a2)} (15)
n

2
02 - b1 - ¥ /a%)

This calculation usually includes the 180 cec. aversge delay time due
to fireball toroidal c¢irculation, which should be subtracted in order
to obtain the actual rising time. :




-l x-

(vhere the sign 1s + for Ay 804 - for amm)

Since the cloud is assumed to be stabilized, all particles with

the same values of a fall along the same slope. Hence, the times of arri-val

and cessation for pariicles of a given & can be determined from the geocetry

of the cloud

t, = albe+z) /v, (16)

t, = A (h + zc) /Vv (17)

vhere z, and z, are the smallest and largest intercepts of the slope to

the outer dimension of the cloud, respectively.

. afx - an) w2+ ab (8% + F6°) (1 - yo/b°) - (X - cn) (18)

2z
a® + oP°




{where the cign ts + for z, and - for za).

Assuming that the {onlzatlon rate, or fallout irtensity, Ix,
varies oxponentially with do<nwird 3distcree, end 1ts distridirtion is closely
related to a and W, alco confirmed by emplrical test deta, a corplete set
of cculing furctions whiech defines the veriation of intensity versus dovne
wind distance and the Si-olllpticul outlire of the lonization reote contours
1s tebulated In Chapter 3 of "Fallout =nd Railological Countermcasures'(h).
Trose scaling functions arc not repeated in this report, but a corresponding
computer program was established, as presented in Figure 5. A typical
{onizetion rute contour for a 10MT veapon yield and n_lS mph wind velocity
1s chown in Flgure 6. Since the only inputs are weapon yield and wind

velocity, this computer program is relatively simple to understand and

to use by others to obtaln the information on lonization rate contowrs,
It should be pointed out that these contours have been corrected
to a standard reference time, H + 1 hour, by a decay correction factor

Ix(t: actual time)

a(e, 1) L Ix(l: H + 1 hour) (19)

Thls decay corrcetion factor con be obttained directly from a
typical close-in fallout decay curve as chown in Figure €,

Krowing the ionization ratec, the exposure dose, D, in the cloud
fallout aren, which is of greeter interest than the stem fallout area, can

te estimated by

Dy -ft ch(t) dt (20)




elje

INOTTeA UI-I80T) A1ap X0 SAIM) Awodq 3T DOTILZTOOL TeITdA -2 amIng

(dnoH) ImiL

L1

YT TS

§

(14 O5/NOISSId ¥3d ¥H ¥ s1=01) ILYYNOILYZINOI




U~

D. Condensation of Fallout end Practionation Numbers

During a nuclear detonation, a tremendous amount of heat {s created
by nuclear fission eand fusion. This heat mrlts and also vaporices everye
thing inhaled into the air cass from the ground and forms the famillar
fireball. When the fireball rises, its volume begins to expand, and its
temperature {s assumed to drop according to the ideal gas law., The material
swept inside the fireball starta to liquidify and finally solidaify to
particles, in or on which the fission products begin to condense. The.
condensation process {s generally divided into two time pertiods as mentioned
in the vasic¢c assumptions. The dividing temperature depends largely on the
composjtion of the fireball. For a model surface burst on a soil coasisting
of silicate minerals this tezperature is assumed ta be 1673°K, as wost elee
ments will have started to solidify et this temperature., Since the two
reriods are charactzrized by the coexlstence of either gas and liquid, or
gas and solid, the vaporization or sublimation pressure plays an important
role in the condensation process. The foll:owing formula for the evalua-

tion of the prescure is presented in "Pallout and Radfological Countere

meaaures"(h) :
logp-503+c {(21)
J T A
vhere pJ is the vaporization or sublimation pressure for element J,
gn/sq. em.,
T 1o temperature of the firevall, °K,

A, B, C are the empirical constants for vaporization or sublimation
reactions of clements contained in the fireball which vere
tabulated in Miller's mnuacript(b).

. The established computer program for e¢stirating pJ {s shown in

Pigure 3.
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Figure 3 {Continued). Computer Progran for Estimating Sublimation Pressure
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Figure 3 {Continued). Computer Program for Estimating Sublization Pressure
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Figure 3 (Continued). Computer Progran for Bstimting Sublimaticn Pressure
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Ngure 3 (Continued). Computer Program for Estimating Sublimation Pressure
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The clesents in the fireball are radioective ond henge the nu=ber
of moles of eech spccles is constantly changing with time., If yM(t)
denotes the emount of raljonuclides of element J and mass number A present

&t time ¢ after fission, then the total amount of element J present at ticme t
is

'.’J(t) - ."_',AyJA(t.) atoms or moles (2=)

Correspondingly, the total amount for the entire chain yield of

wass nucber A is

Y, - ZJ)")A\t) atons or moles (23)

in vhich ‘." 18 constant, cxcept for masus chains containing neutron emitters.

Poy the firct period of condencsation, the material balance for

clemcnt J betvecn gas and l-lqllld phase is

*

Yy(t) o Ty () = om0, Oe) 4 mng () (25)

where ano(t.) is the number of moles of element ) with mass number A,

vhich {s mized with moles froa other mass chains to
form n moles of vapor, and ic abbreviated to no, and
r'JA(t') is the nunber of moles of clcment J with mass number A
dissolved {n the n(£) moles of liquid carrier, which
¢ the partlcle in the 1liquid p'hnSc, prior to solidi-
fication, and i{s abbreviated to nJ.

For a p:rficct gas, the ratid trtween the mole t'raction of ~leccnt )

In the vupor pnscse and that {n the {juild phase 13
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ﬁ- 2%/n ] 2 wr/pv . h )
. NJ njn“i n,/n ) (25)
vhare u“; 13 the cole fraction of elemcat J in the vapor phase
| HJ is the =ole fractlion of element J in the liquid phase
n i3 the number of moles of vapor
n({) is the total moles of liquid carrier
R i3 the molar gas constant
T is the etsolute temperature
pJ i3 the total vaporization pressure
v is the molar volume, and
kJ is the Fenry's Law constant .

Fro= Eguation (25), the following relation between ng and ny con e
obtalned:

n,k

: = . T*7J——[n 7 Vl RE - ang (26)
o

vhere ky = kJ/[n(t)/V] RT

Subtstituting Equation (26) into Bquation (24) yiclds
o

The Cractlornatlon nuaber of the first period of coadensation,

ro(A,t), 13 @eflned to be the fraction of the mass cheln condcnsed, or in

mathematical form

1 1 74alt)
rQ(A, t) - Y—Az" nM(t) Y, LJ e (~8)
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Again according to Zenry's Lav

»
4 P
k, = ol os 2l €29)
* J 3
whe e fj is the fugecity of the elemernt in the liquid phase
X, i3 the mole f{ractioa of the element in the 1liquid phase, and
p; is the partial pressure of the liquld.

Foeever, by Raoult's Law for en ideal colution
*

Py~ NJPJ (30)

Thercfore kJ 4 ]:'J (31)

The method for deternining pJ has been presented in Fquation (21).

The [r{£)/V] rat1o 1s given by a ccaling function

(n(£)/V] = 5.67 x 10 Texp [-0.500 w™0+373y) molee (%)
cm
where t, in ceconds, i3 rcloted to the firctall temperature, T, by
T ow 566 x 105 WO O (yn(-0.5u6 w0 3T3)% (33)

und the data of yJA(t) vere calculated ard tebulated as IIJ(A, t) by Bolles
nad Ballou(ﬂ + ileree, the fractionation number, ro(A, t), ~un Le evaluate. tur
the clements contulned in the fircball.

During the sceond perlod of condensation, 1f an excess of solld

sfuce area 4o present, the amaat condenzued ot nny time efter solidifica-

tion of the carricer, is glven by
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n’ n, - n° k)
¥y TN 3 (

vhere n& 15 the amount of element } condensed on the surface of

the solid particles

ng i{s the arwunt of element J that has not condensed in the
l1iquid carrler, and
n:j' is the armount of clement J in the vapor phase,

Por a perfcct gas

. (35)
vhere pg is the sublimation pressure and may be evaluated according

to Bguation (21).

The material balance for element § 1is
. - ' ) n 6
/J(t) nj(t) + nJ(t) + nJ(t) (36)

Therefore, employing Equations {27) and (35)

)to psV
B! e — Y. * b . (37)
J p1ex® 4 RT
3
or
x° v
+ 8
Injp ® I—:l)':: I - & SaPoa (38)
J

Ta this ejuntion the partlal pressurc of each nuclide is propor-

tional to its sbuniance at uny gilven time, and 1: given by

. _
8 24 o &
Py = 7 INY)) By (39)
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The fractionetion number of the gecond prriod of condensation
ré(A, t) 1{s defined %o bte the fraction of the mass chain condensed up to

a glven tize duriag the cocond pertod, or expresced mathemetically

1 o v 8
LI § v 3 == oy - ————e !4
To Ay t) : (275408 53 T ZyPyal (10}
oy
yo O. 8
2 (Ae) = 1 - sl t) Y ALY (¥1) .
o 7’ 9t ? O.c3 LWK? L,y
J T JA
vhere A\ %5 the Tircball volume and {s glven by scaling the function

11

¥ = 7.2 x10°" W exp (0.510 w0373y end

B i: the ratio of fission to total yield, and
0.23 1 a corversion constant changing weapon yleld, W, to

ruzter of ricssion-moles per atom.

Thyelecally iun Equation (-1}, pg V/RT glvec the number of moles of element
in the vopor phnse &nd 0.22 L'ﬂg glver the total mwter of moles of the
elexeut prolduced nnd In exfrtence at a given time in the vceond poriod.

e cocbized terms in Eq.ation (41) gives the fraction stlll remaining in

the vapor Jtatc during the cccond pertod of eondensntion. The 1 - ro(A, t)
term glves the fraction «which hus rot condenved 4n the liguid carricrs during

thedr extotence Lo the Sirst period of condenontion.
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Toe fractionation numbers yield the information about the fractions
of redloactivity condensed in, or on the particles, at any time after a burst.
Therefore, the fractionation numbers not only make the conversion betwveen
intensity and activity possible, but also lead the way to the evaluatfom of
soluble and {nsoludle activity which 1s important to biological availabllity
and radiological countermeasures research.

E. Conversion tatween Intensity and Activity

The cocversion betwcen intensity {mecasured as fontzation rate) and
activity density in fissions per unit area is presented in “Fallout and
Radlologlcal Cour.temeasures",(u) bvased on the simple assumption that

Ix(t) Ix(t }(tdeal)

Ax AxTidea.L)

- K (¢) (:2)

vhere the conversior factor, Kx(t), {8 further broken down into thec fol-

lowing components
Ke(t) = Day [ry(t) 1p.(¢) ¢ 1,(e)] (83)

in which

D iy un instrument response factor, usually assigned a
value of 0.7%

ay is the terrain shiclding factor, usually assigned a
value of 0.75

rx(t) {8 the groas fisslon product fraction number, sometimes
also designatcd as ra(t)

ifp(t) {3 the alr ionization rate per ficsjon at 3 {t above
sn infinite, {dcal plane for a uniform distribution of

the nonmal ficsion product mixture, and

11(” {2 the came unit for noutron induced activiries.
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Details sbout the neutron induced ionization rate, ii(t)’ are almost entirely
classified, but gemerslly aasigned(h) as 1.9b of ifp(t). The other compoaents
{n equation (43) can be resdily derived. -

. Detafled Information about the activities of the U-235 filssion
products has been provided by Bolles and Ballou(7). These data can be
correlated to the data supplied bty Katcot‘f(s) and applied to other types
of fission elements, such as U-238, Pu-239 by taking proportions of the
corresponding oass number. This conversion has been systematized and
tabulated in "Pallout and Radiological Countermcasures”. Moreover, lu.]_l.er(u)
translated the activity data from Bolles and Ballou into.ionization rate by
a dislntegrati.;:n multiplier, m. Both tables of correlation and of disinte~
gration multipliers are reproiuced from Miller's manuscript as Tables I
and II. Therefore, the ideal or nonnal ionizstion rate of fission product

mixture may be computed according to the following formula:

1rp(t) = DA (4b)

where At is the activity of the nuclide at time, t, per 10‘ fisslon.

In accordance with the earlier discucsion, the fission products
do condense and fractionate with time instead of condensing completely at
the very beginning as in the ideal situation. Therefore, the real ioniza-
tion rnte, 1r;(t), should be multiplied individually for ecach radionuclide
by its fractionation nunber at any specified time. MNathematically, thia
may be expressed by

1p(t) = Dm A [r (&, t) ¢ 74, ¥)] (u5)

The rc', (A, t) tem vanishes in the first perlod of condensation.

As time increascs, the sum of the two frectionation numbers approaches unity.
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TABLE 1

Cumulative Mass-Chain Yields of Flssion Pmducts(h)
{values are 1a per cent of ei=zsions)

Mass B3 P33 py°3?
Fuaber Thermal Fission Flssion 8-Mev Thermal Pi{sslon
Neutrons* leutrons Heutrons lieutrong Lcutrons Jestron:

T 1.60°%  u.6x10™* s.oma07® . 1.2x10% .
73 1.1x107" 0.0012 3.7x1077 - z .exlo'l‘ -
(< (3.2x10"")®  0.003 1.x10"  0.001 Laxi0™  0.0012
5 (8.8xxo‘1‘) 0.0062 8.3x10"‘ 0.0040 7.x1o"‘ 2.0023
76 (0.0029) 0.012 0.0012 0.0078 0.001% 0.0051
(g 0.0083 0.023 0.0038+ 0.01% 0.0026 0.011
78 c.02l 0.048 0.0095 0.026 0.0049 0.025
79 (0.081) 0.096 0.019 0.053 0.0090 0.043
8o (0.077) 0.19 0.045 0.99% 0.026 0.075
81 0.1k 0.21 0.088 0.18 0.030 0.1k
& (0.29) 0.50 0.20 0.35 0.056 0.23
83 0.544 0.80 0.ho* 0.€6 0.10 0.37
84 1.00 1.3 0.85 1.02 0.17 0.£0
85 1.30 1.85 0.80 1.5 0.28 0.9
86 2.02 2.5 1.38# 1.9 0.5 1.15
87 {(2.9%) 3.3 1.9 2.29 0.73 1.9
es (3.92) b2 2.45 2.7 1.2 1.9
89 L.79 5.1 2.9% 2.17 1.9+ z.%

Contjnued
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TABLE I (continued)

Cumulative Mags-Chain tields of Fission Products
(Values are in per cent of fisstouns)

Muss U235 3238 Pu239
TR vl Pisston  Pission 8-Mev  Thermal  Flsston
lleatoonst Jdeutrons Neutrons Neutrons Neutreas Neutrons

X0 5.7 5.8 3.2 3.7 2.4 3.0
91 5.8 5.85 3.6 4.3 3.0 3.7
=] €.03 6.0 L.} L.8 3.7 bl
923 6.Ls 6.4 4 .85 5.2 5.6 5.0
9 6.40 6.4 5.3 5.45 5.5 5.%

. 95  6.27 6.3 5.7¢ 5.6 5.9* 5.6
95 6.33 6.3 5.8 5.7 5.7 5.3
97 6.0) 6.1 5.7 5.64 5.6¢ 5.2
8 5.8 5.8 5.7 5.6 5.4 5.4
93  6.06 6.1+ 6.3 6.2n% 5.9% 5.9%
100 6.9 6.7 6.1 6.4 6.0 6.4
101 5.0 5.3 5.5 6.5 6.0 5.9
102 b 2.9 5.6 5.9 5.9 5.3
103 3.0 1.7 6.6 5.0 5.8# 4,6
104 1.8 0.95 5.4 3.2 5.0 3.5
105 0.9 0.54 3.9 2.2 3.9* 3.2
199 0.38 0.0 2.( 1.5 5.0" 3.6
107 0.19 0.17 1.35 1.0 4.0 3.1
08 (0.034) 0.099 0.67 0.70 3.0 2.6
W9 (0.0 0.053**¢ 0.3 0.43 1.5 1.9%
110 19.00) 0.020 0.15 0.33 0.65 0.81
111 {0.015) 0.0.:24%% 0.073* 0.22v4» 0.27¢ 0.34
1. (0.013) 0.0.0%ne 0.046n 0.13 0.104 0.14#
1.z (0.0102) 0.0i8 0.043 .17 0.055 0.0920

Cantinved
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TABLE I (continued)

Cu=ulative Mass-Chajn Yields of Fission Products

(Values are in per cent of fiasions)
Mass L'D' 3 U‘2 38 Pue 39
Humber Therzal Fission Fission 8-Mev Thermal Ficsion
eutroans tleutrons Heutrons Neutrors lNeutrons Ne.itrons
1 (0.011) 0.017 0.0k1 0.16 0.0L6 2.07%
115 0.010% 0.017*%» 0.0k0* 0.154»+ 0.041* 9.269+
n6  (0.010)° 0.017° 0.039 0.14 0.039 0.065
117 (0.010) 0.017 0.039 9_-1_13b 0.038 0.065
us8  (0.010) 0.017 0.40° 0.4 0.038" 0.06.°
19 (0.011) 0.017 0.041 0.1k 0.039 0.06%
120 (o0.011) 0.018 0.042 0.15 0.041 0.065
121 (0.012) 0.020 0.0k 0.16 0.0hbLe 0.066
122 {0.013) 0.022 0.046 0.17 0.047 0.069
123 (0.015) 0.030 0.050 0.19 0.052 0.076
- 124 (0.017) 0.053 0.055 0.23 0.058 0.082
125 0.021 0.095 0.072 0.33 0.072# 0.4
126 (0.058) 0.17 C.175 0..8 0.175 0.35
127 (0.1%5) 0.30 0.39 0.70 0.39* 0.80
128 0.37 0.54 0.77 1.0 0.77 1.9
129 0.90 0.95 1.4s5 1.5 1.5 2.5
130 2.0 1.7 2.5 2.2 2.5 3.2
13l (2.83) 2.9 3.2% 3.2 3.8+ 3.8
132 {4.31) b3 4, 7% L.b 5.0 h.6
133 (6.18) 6.1 5.5% 5. 5.27¢ %.9
1% (7.80) 7.3 6.6 €.5 5. G 5,2
135 (€.:0) 6.3 ¢.o* 5.9 5.53" 5.1
136 (6.3€) é.4 5.9* 5.8 ' 5.06+ 5.3
137 {6.05) €.0 6.2 5.85 5.2he €0

Cont inued




TABLE I (contiaved)

Cumualative MasseCreln Vields of Fission Producta
(7alues are ia per cént of flreions)

Maase £33 238 pu239
. furder Trermal Fissloa Fission 8.Mev Thermal Fisstion f

- Nectrons Peution: leutrons Neutrons Nautrons weutrons
138 5.74 5.7 6.4 5.9 5.5 5.4
139 (6.34) 6.4 6.5 6.0 Y 5.2
140 6.44 6.4 S5.7% 5.6 5.68% 5.0¢
1L} (6.30) 6.3 5.7 5.5 5.2% L.7
1%2 {5.85) 5.9 5.7 5.4 6.65% b,9
143 {5.87) 5.8 5.5 k.97 Sh 5.0

2l 5.67 5.1%# h.g* h.3%s 509w 4.3
145 3.95 L.2 3.7 3.7 L .oux 4.h
146 3.07 3.3 3.1 3.7 3.53+ 3.7
137 2. 2.5%% 2.6%* 2.7k 2.92% 3.0
148 1.70 1.85 2.0 2.27 2.28# 2.36
L9 1.13 1,30 1.45 1.9%% 1.75 - 1.86
150 0.67 0.80 1.05 1.45 1,38+ 1.48
151 VA 0.50 0.74 1.02 1.08 1.16
152 0.255 0.3 0.50 0.66 0.83* 0.9
153 0.15 0.19*# 0.32 0.l1e 0.52 0.0
154 0.077 0.0% 0.19 0.25 0.32% 0.37
155 0.033 0.048 0.11 2.15 0.20 0.23
15¢ 0.014 J.C23ve 2,006+ 0.072+¢ 0.1z% 0.4
L5 0.007% 0.012 0.03k% 0.C7 0.00h 0.07%
1nd 0.002 C.00€: 0.016 0.032 0.0% 0.043
1%) 0.00107 0.0034ue 7.0CY0» 0.0L17** 0.020%4%% 0,025

cousipucd




TASLE I (countinued)
Cumulative Mass-Chain 7Yields of Fiseion Products
(Values are in per cent of fissions)

Mass 23 238 239
Hunber Thermal Fission Pission 8-Mev Thermal Pilssion
Neut rons#* Neutrons tieutroas Neutrons Neutvoas Nzutrons
160 3.5x10-4 0.0012 0.0036 0.0085 0.0092 0.9011
161 7.6x10-5 4,.6x10-L*¢ 9.Lx10-4  0.00LLu# 0.0J38#¥s¢ 0.7051

#Seymour Katcoff, Fission-Product Yields From U, Th and Pu, Nucleonics,
Vol. 16, No. 4, p 18-85 (1958)

»».,. R. Bunney, E. M. Scadden, J. C. Abriam and N. E, BPallou, Padiochcmical
Studies of the Fast Neutron Pission of v23% ang L@ , Second N lInter-
national Conferunce on the Pcacciul Uses of Atomic Energy, A/Conr. 15/?/6‘&3,
U3A, June 1958

x«»G, P. Ford, J. 8. Gilmore, ct sl, Pission Tields, LADC-3083, 1958

sx44],, R. Bunncy, E. M. Scad,d%g, J. 9. Abriam, N. E. Pallou, FPiscion :1eids
{n Keutron Pission of Pu®3?, USWROL-TR-268, 1958, Unel.

a. Parentheses indicate estimated values or where Katcoff's value was altered
in order to adjuet the yields to a grocs sum of 100 in each peak.

b. Line indicates division of two pecaks that was uscd for individusl peak
sums.
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TABLE X3

Alr Tonizatior. Dis{rte mtion Multipliers for

t-¢ Fiagion Pro uct ard Other Radionuclides ")
o 2
Nuclide 10°9 r/nr.g? Nuclide 10°% r/nr.ni?
o dis/sec - T {dts/secy
Zne72 6.75 Nb, -95m 1.41
Zn-Th 4,22 N5 -95 k.56
1-’!:1-975 L L2
Ca-72 1h.3 Nb5-97 4,02
Ca-73 2.11 Nb<98 1.7
G&"ﬂ‘ 12‘"
Mo-99 0.772
Ce-75 0.216 Mo-101 €.85 '
Co-77 13.1 Mo-102 0.0
Ge‘?a 2.7"
Tc-9%m 0.782
As=TT 0.0735 Te-101 2.03
As-78 2.51 Tc-102 2.45
As-79 0.0
Ru-lo3 2.”
8e1-31n 0.117 fu~105 L,36
8e, .81 0.0 Ru-106 0.0
Se<83 12.8
Rh.103a 0.150
Br-83 0.0L74 Rh, -10%n 0.283 1
Br-84 8.12 Rh;-105 0.559 3
RhS106 1.81 |
Kr-83x 0.0959 Rh-107 5.08
xrl.as- 0.973 1
Kr<87 7.03 Pa-1l1 $.00
Kr-88 701‘0 Pd-112 0.@25
Fb-88 4,% Ag-10% 0.172
Ru-89 12.0 Ag-lli 0.175
Rb.91 6.67 Ag-112 L.59
Ag-113 0.158
81’-89 0.0 Ag'lls 1-28
8r-90 0.0
8r-91 5.03 ca,.115 0.187
8r-% 6.93 Cd,-115 1.11
8r.93 1.20 Ca-117m 8.1
c4a-118 0.0
YD” o.ma CG-mo 30%
Y,+9ln 3.24
Y_-91 0.0135 In-115% 1.12 .
Y92 6.56 In-117 1.36
=93 0.817 In-118 13.5
Y-94 €.67 In-119 0.0371
2c-95 4,3 Sn-121 0.0
Zr-97 0.3%6 Sn-123 0.0
Sn.),25 6-19
Snel26 0.0
Snel27 3008




Table II (continued)

Air Jorization Disintegration Multipliers for
the Pission Product and Other Rndichnuclides
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The gross fonizatlon fractiozation number, rx( 1), is defined ss
the ratio between the {orvi:ation rates at H + 1 hour of condensed and normal

fissjon products. It may be expressed as

C1.%(1)

(1) = -2(—7
™ T

Thus, all the components for the conversion fector, Kx(t), have been cited
end derived. The intcnsity-activity conversion, shown as Equation (h2),
1 1s very uceful in fallout contomination studies and the deteminatiom of

other properties of fallout.

t. F. Bilological Availability and Atom-Concentration Intensity Ratio

: The fraction of radionuclides condensed on the outside of fallout

‘ particles is potentially avaeilable for biological uptake. By an analogy
to the intensity-activity conversion presented in the foregoing s~ction,

‘: the ratio of the number of atoms condensed on the exterior of the

.-: particle to the standard intcnsity at H + 1 hour is given by the folloving

2 ' formula

i., N (A) Y, ri(A, t)

2 b e SR 3 1)

A %

‘: vhere H;(A) 18 the number of atoms (of the end meaber of the mnss

;’ chain and condensed on the outside of the particle)

S,‘ vhich land per square foot of ground.

The other terms in Equation (47) are the same as defined previously.
e ratlo ll;/I 1s colled ‘the atom.concentration intensity ratio.

As ohown in Equation (12) the firctall rising time, t, 15 a function
of the particle-siic parczeter, . Because of time dependence thig ratio is

also dependent on . Hovever, the O cuan be approximated and simplified by an

cverage value a which s
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X
aoni

Since a does not vary with cross-uind disi@iice, the atom-concentimtion
fntensfty ratfo holds constant &s a first approximatlon for all valies o crosse
wind distance at a given valus of domwind distance X"w)~ Moreover, as shell
be seen in the folloving sectlon, a glven value of (¢ yepresents a group of
particles vwith a suall runge iz dlamcters. Therefore, the ratio ";/I 1s essen-
tially associated with a given particle size.

The values of N; (A)/1(t) for six biologically important icotopes at
different dosnvind distances for a typlcal 10 MT bursi have been calculated
as shown in Teble VI,

This ratlo can be applied to water contamipstion studles to yleld
the activity of soluble radloruclides in water supplies, If YQ(A: t) ts
replaced by ro(A, t), the mtlo rr;/z vill provide the information for the activity
of insoluble radionuelides, sirce those radionuclides fased into the silicate -
particles are assumed to be not ieadily soluble in waler.

G. Ionization Rate Contour Ra-fos and Particle Size [iistribution

Several fonization rate contour ratios have loch defined to deter-
nine special properties of fallout. They are:

(a) The mass contour rutio, Mr(t), which {g the ratlo °f the
fallout mass per unit arca at any dowmvind distance tu the ideal ionization

rate at that location, or mathezatically:

M(t) = n/L(t) (L9)
where By 1s the mass of fallout per unit area 4t any downvind
distance, X
Ix(t) 18 the ideal 'oaization-rate at 3 {4 #lLove aa extended open

area covered vith fallout.

ale ) A AT LGB AT LY AR atd iRt all o Xe €

0003 MRS Pt B 2o B Dl s>
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The mess of fallout, m, empirically deteruined to be a function

of both a and W, 1s
a = o0} 3 ng (50}

. s1.2
vhere fla) = 5.33 x 10 2y 2 mg/ficsion, a = 0.1 to 0.9

«12 010-6%

= 5.64 x 10 m&/ficslon, a = 0.9 to 2.0

= T.14 x m'13 mg/risslon a >2.0
According to Equation ("Q)p it is found that

L(1) x Area = D{1)yy Irgfld 10(0) & 1, (1)) BW (51)

Therefore, the mass colif»ur ratio associsted vith H + 1 hour, Hx'(l)’

for a giound surface burst will be

=0,083
£(a) ¥ mg/sq 1t
Nr(l) Ll 61 qu T, 1) irp(ﬂ v 11(1)} r/hr at 1 hr (s2)

(v) The fisslon-produtl contour ratio, FPr(t), which i{s the ratio
of the number of atoms, or moles, f fission products per unit area at any

do-nmelnd distance to the ideal futization rate at that location, or mathea

matically:

PP (t) = Ny /Iy(t) (53)

where ] {3 the numbep nf atoms, or moles, of fission producta

fp

per unit areh:

Fron the discussion of Huction €., this contour ratio, corrccted

to H + 1 hour, for a ground gurfatc burst muy te expressed as
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P (1) = 1.16 x 10~ zJA(ro(A) * ro(A)]!A moles £p/sq ft (59
r D{1) (L) 1_:p'fff 11(1)T' r/hr et 1 gr

(c¢) The frezifon of device comtour ratfo, FDr(t), which 1s the

ratio of the fructioz of weapon device per unit area at any Jdownwind distance

to the ldeal lonizatloz rate at that location. This ratio wher corrccted to

H + 1 hour may be expreeced as

PRelN
T x 10" fez)
FDr(l) B 4 -:-”""a‘-l) i.p(_lf* ilﬁ)I r/hr/sq £t at 1 hr. 153)

These conto.r ratios predfet various characteristies of local
fallout, as they ylels {nformation about the mass, the number of atoms of
fission products per w.it area, the fraction of weapon yield per unit drea
and other propertlies of fallout at a specific location. This irformation
18 valuable for the Z4cz{pn of fallout shelters and other radiological
countermeasures. Morirer, the use of these contour ratios and their
scaling functiorns make: possible the extmpél.ation of a limited amount
of experimental data t3 cover a number of operational cascs cince the cone
tour ratlos are not cozctant but arc point fuisctions whoze values depend
oa many variables. Furthcrmore, the average density of the fiscion products
can be cstimated frod ¢he ratio of FPr(l) to Mr(l).

Another adveslage of the C.C.D. fallout model ie that particle
gi~. groups for any giver. downwind loeation can be estimated by a graphleal
mcthod, provided that “Ze particle fali~rate is known. Sincce the fall.rate
for a given clze paressier a does denote a group of particle: with a range
of diameters, with the Tcllerate for n yglven partlcle slze puramcter known,
the range of dlameter: for a group of ;::ticleslcan te determlned, d2piniing

on the thickness of the cloud and the altftude from which the group falls.
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A family of curves vhich shows the size of 1deal, spherical particles falling
through a s‘andaxl atmosphere from various altitudes as 1 function of falle
- rate wac prepared by D. E. clark(!) ans appears as & skctch tn Piguve 8.
When estimating the particle size runge at a downwind dictance, it
crould be {irst decided whether the source of the particle group origirates
from the vtem or the cloud. Tne origin of the particle group can te generally
Judged by comparing the downwind distance with the doWwnvind range of tke
stem fallout., In cace the distance falls within this range, the particle
group predominartly origiretes from the stem; otherwise it is essentially
derived from the cloud, Within the stem range, the maximum and minimum &
valucs may be caleul.ied by Ejuation (1l), which is r laborious procedure.
A computer prigraz, s shown in Figure T, has becn established to solve this
egistion, The height of fall for the stem fallout is derived from Rjuetion (10)

wiaich is

(2 ok, - V p)
Q ]
. w

For particle groups falling incide the cloud range at any downe
wind locatlon (X, Y), the crosswind distance Y should first be converted

to the cloud coordinate, y, according to

Y
y = ag (57
n
where Ym ta the raxirem half-width of the croscwind dictunce on &

1 r/hr contour, and

a {3 the cloud radius.

Folloving this coordinate transfer, use «guations (15) ani (i3) to

~tenine om and the two extreme helghtsa of fall, z, ard o For the actual




distance of fall, the height of the cloud, h, should te added. The fsgil-rate
{s evaluated from Equation (10), which is the defizning eguation of a &rd

vhich ylelds
vv ,
Vf * T . \38)

Thercfore, with weapon yleld and downvind distance known, and with
the help of the fall-rate curves, the approximate particle size distritution
at (X, Y¥) can be estimated. This informationm on particle size distrituTion
1s useful for studies of transport phenomena in fallout investigations.

H. Conclusion - The Reality and Applications of the 0.C.D. Model

The 0.C.D. fallout model mainly uces the technique of the cscsling
method, hence most of its formulae ure derived from realistic experirmental
data. Therefore it serves as a very good bridge between the ideal theoretical
hypothesis and practical empirical data. Moreover, thie model hzs been ;
upplied to several real test shots; snd was found to yielq very satlsfactory

results, On the other hand, the fundamental thermodynamic theory oa which

this model is baced 1s quite simple and convincirg, ard all the computsatioas

involved are relatively easy. Another aivantage of this model 1s its wide

application, since it gives not only infurmation on fallout patterns tuit

also that of activity, hcace it {s very valuable to radiological recsearch.
Although there are still a few defcets, such as conctant wind velocity,

the sole dependence on weapon yield, end the cigar-chape contour eesu=p-
tlons,'etc., tnis model is generally concldered very realistic and cpplicadle

to the provlems of fallout research. Its main applications will be rudio-

activity prediction, countermeasur» design =nd blological protectiorn.
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III. COMPUTATIONAL METHODS OF THE FALLCUT MODEL

A. Toz!:ation Rate Contouxs

Although the physlcal characteristics and the mathematical approxi-
mation for the rising stem and the clouc} have been discussed in detail,
little has been sald about how the fallout contours are determined. Even
though ‘Le avallable data from actual land surface shots is small and limited
primarily to lov weapon ylelds, some general conclusions have been drawn
from tte test data.

Because most of the observed properties of the fallout patterns
are in tarms of intensity, the fallcut contours are usually given in units
of roertgens/hour (vhere the time was corrected to a standard time of
H+ 1 Wur). The gencral shapec of the fallout pattern can be approximated
by the ovrlapping of ellipses, for both the stum and cloud fallout.

The dimensions necessary for constructing the ellipses are the
distances from ground zero along the downwind axis vwhere the lateral dise
placement 18 zero, {Y « 0). Pirst, to construct the intensity vs. distance
curve (see Figure 4) the dovnwind distances of interest are the highest
intensity and a preselected lov intensity, which varles with wind velocity,
but for a 15 mph wind 13 1 r/hr at 1 hr.

Por the stem these locations have veen lebelled as follows:

Xl and Xh are the upvind and dovnwind dictances, respectively, from
ground zero to the 1 r/hr at 1 hr intensity.

X2 ard X3 are the distances to the upvsind and downwind shoulders,
reapectively, of the intencity ridge.

For the cloud the following notation 16 used:

Xs and X9 are the arrival location for the group of particles of the
the selected lowv Iintensity from the rear and front of the

cloud, respectively.

=R = (R e A0, Ble RN Rl adn o ma Am e e — ot
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X6 is the distarce from ground zero to an intermedfate point
between )(S and X7.
x_, 1s the dovavind distance from yround 2ero to the peak of

the intensity contour.
xa' is the downwind distance from ground zevo vhere the contour
intervals has a maximum half-width.
The values for these quantities are detemined by cguations
appearing in the Ionizetion or Intensity mte computer program. Eecause
of the limited characters available on the computer printer, the notation

used in the snalysis of the model had to be changed. The correspornding

s _asere.r RO ALY X X TR St L

notation between the molel and the computer program is given i Table 11T.
The following discussion describes the method for calculating the
X's and hov the scaling functions can be found in the computer program in

Figure S. First, yleld.dependent scaling functions for the size parameters

ae %,3, ah, as, e ey 09 have been dcetermined from data that has an

effective, or aversge wind cpced of 15 mph, Thece ocaling functions are

' then multiplied by

15 :ph to correct for the wind velocity Vw. 12,3, the
ionization rate between X2 and X3,1s calculated by two formulas. For ylelde

V 2 100KT, I, 5 = }(2’3(1) Arczgd V"n vhere the values for 1%’3(1) chz‘z’,3
and n vere generatcd by fitting curves through the values of a Table ia
Chapter Three of Carl P, Miller’s manuseript "Pallout and Radjological
Countermeasures”. For W € 100 a curve was fitted through the first three
valuec of Ia ,3 given in anot.ht.r tabie from Miller and adjusted for vind
velocity by multiplylog Yy ( ) *0. 79. The resulting equations appear on

lines O741 tnrough 0802 ia the computcr program appearing io Figure 5.

In all the cquations that follow the scalirg funetlon formulas

and constants arc given in Table IV. For any scalirng funccion Zependent




Figure 5. Computer Prograa for Jonization Rate Contours
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Fgure 5 (Con::nued). Computer Progran for lonization Rate Contours
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Figure § (Continued). Computer Progran for Ionization Rate Contouras
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Mgure S (Continued). Conputer Progras for Ionization Rate Contours
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Pigire 5 {Continued). Computer Program for Ionizazion Rate Contours )
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Figure 5 (Continued). Computer Progran for Ionization Rate Contours
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Pigure § (Continued). Computer Program for Ionization Rate Contours
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Table III

LIST OF SYMBOLS

Notation due Botation of Notation due
gomputer primarily to computer primarily to
prograz Hiller ___program M{l1ler
A a ELIC Distance from center to
2,2 focus of ellipse of chosen
ARBQ a /b contour in upvind cloud
region
AR a/n '
( ) P Fal if W > 2g KT
ALP a F20 if W < 28 KT
% 05’ % CLI, % % (used to differentiate
AlF23 % 3 scaling functions)
>
ALPS % ' G Gsl if W < 9 KP
G20 If W 2 9 KT
ALPSP :
' as H h
A a
] b‘ () I, Iy I Ig 1oy Tgy I
Ic{ ) Intensities of chosen
M, 5Ys * (o, 1.,), (v, 1) contowrs
. ) * t t
Mrh, BY3 (o, 12,3)’ (Y.a 1) w :2‘\:23:' {sog choscn
M2, B2 * (X, 1), ( ) ’
1? “17°? x2' 12,3 1623 )(2 3(1) Afﬁzg 3
MJ'. . B3h » “3’ 12,3)’ (&’ I") 123 12’ »
. : 3
us6, BS6 * (X, I.), ( 1) ’
’ ’ 52 15 (g 1g J Dummy variable used as
Mg, B6T # (16. 16), (L,. 11) ™" in I, cte.
W89, B18Y* (X4, 1), (Xy, Ig) KA Ko
CA CcA(1) s ) K, (1)K, X (1)K,
1)) le Ki2 Kl’ 2
i} LI7 Xb% L( ) Array containing constants
for acaling functions
b D
LA Ina
DER L
LARS in a/R
e Number of contours °
studied LA3 in 8,
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Table III (Continued)

LIST (. SYMBOLS
Notez‘on of Notation due Rotation of Notation due
compiter primarily to computer primarily to
._I!'ZZGL Miller program Millepr
LAQ in L XCcé T, 9 ==
() n 1: XFRC X*
L1, l.n(I7/19) XFRS X'
w W x X
M( ) Array containing xxe X
‘constants for ./t
scaling functions 00y 1n
1 (I7/T9)
P Used 1in equations
involving X Xish x982 . x872
FHI %5 % % X7 X, in feet
a
«® %,37% -} x8 Xs4n teet
s Ry X87 Xg - X,
sa SA(1) X9 x9 in feet
s 8('\1) x98 X9 - Xa in feet
v 'w/ls YICC Maximum cloud width at
w v chosen coantour
v
YICS Maximum stem width at
WH B chosen contour
n
wss Vv Ys Y.
v v Y Y
x( ) X;r %5 Xq, X, A Yos r:‘
X, X, » X
XCa 1,2 »e Y815 Yq(15)
XC3 3, L »e 23 z.
xck s’ 7 i zo z
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Table I1II (continued)
LIST OF SYMBOLS

Continued
' Notation of Notation due _ Notation of Notation due
computer primarily to conputep primarily- to
program Miller Progran Miller
Z9M TIDVELOCITYMPH v Z99Y1ELDKT W

v

*  The slope and intercept, respectively, for a semi-logarithmic line

through the two points whose coordinates ace given.

** The dovnwind distance {for the chosen intensity) to the fallout pattern
between the points indicated.
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TABLE IV

Data Table for Ionization Rate Contour Progranm

for n ol Mix) for I Lfx) M{x)
(a/v)® 1 0.486  0.262 ay 23 33607% .8.1516-.
1n A/R, 2 1.070 0.096 s " .089
0.270 0.
1n A 3 3.389  0.431 % o6 o176 oo
a -0, .
R, N 2.319  0.333 >
o ot ag 27 0.030 0.036
5 30 O .
K é 5.226  0.16h a, 28 0.043 0.141
%3 7T -0.509 0.076 a 29 0.185 0.151
Ins 8 280 ol 3 - -3.286  -0.298 o
8 ) o 31 -2.889 -0.572 :
X 10 3.564 0.319 KA g -3.185 -0.406 o
a \
as 1 -0.054 0.095
x ‘ 3" °1013h '0007!‘
X 12 3.850 0.481 (3] 35 «1.225 «0.022
6 13 k255 0.200 ]y 0.5 0.051
X 1% 3.82  0.586 KAy 37 o 0,030
7 15 L.268  ¢.305 5 . o.552
16 4.005 0.596 v" - e
Xg 17 LLo o 0315, 3 -o.lén -o.og_;
0 «0.837 0.2
X, ig 5.190  0.319 .
5.202 o té 3283 -_0.331;
12 -2 -y
Y: 20 3.223 0.400
X 21 3.644 0.467
5 22 L.oh9  0.186

v
@
1]
{
i
H
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variable, for example H (height of cloud), the progrem determines which

formula should be used. The equation for H appears om lire 0613 of the
contour program.

The following chain is then started

5 « F7 (5+ P, W) line 0613
FF(N, W) = 'axP(mm, w)) line O4S4
LFF(N, W) = 2.3025851 L(N) + L - M(N)  1ine O467

The program then finds for W € 28 KT that F = ¢ since
W greater 28 1s false and F 1s a Boolean variable. Thereforc for N = 5,
one finds in the Table IV that L{5) = 3.820 and u(5) « 0.445. The

complete equation of H for W ¢ 28 XT 1s

H o« exp{(2.3025851)(3.820) + 10g W - 0.uk5) , (59)

logt = (2.3025851)(3.820) + log ¥ - 0.B4s {59a)
or

logmﬂ a 3,820 + 0.h4s logm . (59v)
The variation of X, and x3 with wind speced depends on the wind modified
parareter o 3 {lines OTL3, O7LT). The cquations for X, end X, are then

<y
2.303 IOSQIQ :
X » - (60
1 % X 2 )

"u(zo“!."u -~ 86.36) (61
(1+ 9.273 x 10"‘%':“)




. (22 - 1900)
' L0
x’% 'Y S 0.000 (613) .
for 1: mph wind VclOCI‘-;I.
The equatlozs for the distances X through x9 (lice 0995) ure

given by

Por ¢ = 6,7, 8an19

X, = 6.0x 1030443 a, ¥ = 1to28KT (&2)

X, s 1.68 x th'alo’la‘ a,¥ = 28 to 10° XT {62a)

he atove ejwticns elso raid for vhen a_ 1s greater than &/h. Wnen
The ato 5

a. is less than or egunl @2 n/h, then X i3 determined by

5 p)

X = 6% 1o3v°"‘”5:x§ 140 x 1030392 J 3060 a;;" ;W =1to28 XK (63) '
1

or H
h.

xg = LU 101".'°'16‘a; . 160 x 10303 ¢ 5 0602 on;j2 ; W=20 to 10° KT (63n) :

\/
LI M _.—-ww
jivat tre intensitles IL' Ih’ and 19 arc set cquel to 5 mph

The equnt ivws for I, T, ond 1, are on lines 0951 through 096l. Ig 18
b
setermined from 8 seztelosrlthmic linc between (x7. I'l) and (X9, 19)
wilth the yhlue ot )’.a as previoucly cnlculnted.
Arter xl througn X, and thelr correspording intensitles have been
round, u gliph can thex re drcwn of the inteacity profiles or elevatlons.

A plot of 1,_,5101)((1) ugatrst dictance X for a 10 MT wenpon is glven in

i Flgure L, fbor any set o fntensitties the 1nterscctlon (downwind dictance X)

B of the contnur cllipses ¥4tk Y = O can be roud off the graph.
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Ia the computer program semilog equations were found for the
Intensity va. Distance curve so that any pre-selected intensity contour

ictervals vere included in the computer priatout.

lext, to ind the latersl locations or width of the contour

. poatterns for the stem, the half vidth Y, for the stem fallout {s needed.

S
Ys 1s defined as the lateral distance from the center-lire of the stem

h pattemn to the lr/hr at 1 hr (for 15 mph wind) contour (lines 1216.1220).

A semilogarithmic line from (12’3, Y =« 0) to (1, Ys) is then calculated

\‘ on line 1315. Using this equation the lateral displacement of any intensity
> contour of the stem can be found.

The maximum peattem half width for the cloud, Y8’ is the maximum

- oA

distance from ¥ = O to the lr/hr at 1 hr contour when the wind velocity
18 19 wph. The calculation of ‘[8 wvith its variation due to wind speed
occurs on lines 1054 to 109R.

To find the lateral displacements of the contour locations

S F N e e

betveen (X.,, O) and (xa, Ya) a semilogarithic Line from (I.{, Y = 0) to

(1, D = JYaz + (Xa - 17)2) is calculated. In lines 1236 through 1347
the X + Y and foci are then found for the ellipses. Using the information
3u the computer printout an ionizotion rate contour map can be dram.

. {rigure 6).

B. Fractionation Humbers

- e . .

)

1. Pirst period of condencation

For a ground surface burst, the ratio of the total moles of
liquid carrier to the molar volume n(£)/V is computed by Equations (32) and
5 : " (33) vith W = 10 MP or 10,000 XT, and T = 1673°K. They yield
X t w53 sec

! [n()/VIRT = 3.25 x 10°2 atam.
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For a typical element Sr-89, the procedure of findizg its {rectionetion
. putber of Tirzt period of condensation r°(89) 15 given telod:

Lecay chain of S5r-89:

G o8I 88.2% 3 Xr.—»=Ro—Sr

n -+ Kre-e—-» P.bee

dere a reutron-emitter is {uvolved. Iut the Polles and fnllou
dats phave alrealy included this eflfect, hence no alterction needs to be pu~
on the aumber of atoms N(A, t} in their work. Moreover, the valuca caiculated

bty them tccording to Clecdeain theory are generally consldered to be more

. reitable 2rd aleo uses In the following calculetions.

. Se Ar Xr Fx Sr
Xy = P, 1.01 x 100 1.0 0.605 L.6L x 107'3

X
o T . -1l
x{ m 3.108 x 10 32,00 18.62  1.4:i8 x 10
N'A, t) . 0.21 309 9% 3
2da, t) . 0.21 399.21 h03.21 406.21 .
L uﬂ . 6.363 x 10°3 0 L.791 3
J
p A, 4 . 6.363 x 1073 (2) 6363 L.797 7.797
1 kJ f

r, 189) - 0.0303 0 0.0119 0.01919
‘N\)'.,c: ds%a un.isted, unwully negliglble

. e ro\B'?) for v, Kr, fb ure the by-producte.

2. Secord period of cordenvretion

Trhe [rvctiotation nuttcer of iecond periold of condencution r' ‘A, t)
° :

depande very mach on she time and the clements nvolved in the decay chain.
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Vhen the tize 29 suall, the sublimation preseures of most
elements are Gtill quit- significant, ard the values of —'L- are usually
greater then those of 0.23 e Iy In the zecond period of condensation
2 portion of each such element remains in the vnpbr phase. Thercfore,
{n computing, the ratio cof these two velues should be set equsl to unity.
As time increases, the siblimotion pressures of all eleoents except the
rare gases and As and Se, decrease sharply and soon become negligible.

Therefore, the second period fractionation number for a nass chaln not

involving the rare gases and Ag and Se will be greatly simplified:
T, (Ay t) « 1 ro(A, t). (&)

Four typical examples are given below:
(a} 10 MT ground surface burst, 60 sec after burst, Kr (83).

Decay chain:

o / .
Ge -»Ae\&/m'-v-l"r

This involves a eplit cktain, but the Bolles and Ballou data also have

taken this effect into account.

Ce As ch Se2 Br Xr
v (83) -~ 0 0 0 0.0066  0.0066
ler, — 1 1 1 0.993% 0.99%
Nn{83.60) — 0.13 21.80 16.80 12.30 0
o -— 0.13 21.93 16.93 51.03 $1.03

Noe(Ler )N - 0.13 21.80 16.80  12.20 0




P (2)8216

7.8

r;(83)

0.13
(9)3578

7‘51 '

063-

21-93
.53

7.51

16.93
3“-53

T.b1

50.93
0.2086

T.41

50.93

T,hl

0.9980

* Fote: 1 (A, t) can not be a negative value, hence the rmallest is zero.

55 =Y

m

0.036

0.964
3B
Lo5

Sr
0.1378
0.8622

106

s1

(b) 10 MT ground surface burst, 1.47 min after burct,Sr(:){90).
Decay chain:
Br Xr o

Br Xr
r°(90) - 0
1l-r — 1

o

N - 4
N"e(1er, )N - 67

?5.8

91.%




.

(e.) 10 MT ground surface burst, 1.47 min efter burst, Ce(75).

Decw C}muu'
Cu in Ga -(e
Cu Zn Ze, Ce
ro( 75) -— 1 1 0.6716
L1, — 0 0 0.3284
x{75,88) — (32 0.0L59 0.0536
N — (312 0.0460 0.0996
:a°-(1.;-°)z¢ - 0 0 0.0176
E — 0 o (11)2288
6‘-'2*32;&7?5 x 108 1.9 1.9% 1.92 1.9
¥y - . (3)268
vp NO
Iy m%m- - ) o 0.0018
"d ;
r;(75) - 0 0 0.3266

* llote: 1In computing ¥,, the individual mass nugber dependent conversion
ractor a{A) frop 0235 to 'u238 shoild be multiplied to each radionuclide,

0. :AG(A)N(A, t). a(A) con be calculated from Table I

(9.) 10 MP ground eurface burst, 6.77 min after bursct, Sr(89).vecay chain

vty vhcwa 1n Section (a.)

Se Br Kr o Sr
z,7€9) - 0.0303 o 0.0119 0.01%
l-r, - 0.9€97 1 0.9381 0.9303

IS ELICRTRIN 74 X 7R FOPCU R PO Y A R VR R A AT o ¢




N(89,h06) — == 8y 267 6
Po.{ — == 84 351 Lo7
¥e(der ¥ -— = 8u

ba 84 8L b
PJ © 0 o
oi" 1 9.2393 0.25%%
r 0(89) - = 0 0.7488 0.7%04

3. _Gross Fractionation Number

The gross fractionatjoh hiamber, Ty» OF T, 1s defined ty Fyuatica (_'47);
The two fonization rates, it'p“') und iep (t), tn this formila sre defized ty
Bquations (45) and (46) respretively. The computations are straightforvard,
though tedious, once the valuss ul' the fracticnetion numbers, dizictegzration
multipliere and activities are kiwwn. The variations in the iontzation ra‘es
of pormal fisslon products with {ime, or eimply the decay of normal <is-
products, for U-235, y-238 and Fu=r3) hzave been calculated and are tabi . *
in Table V. Proa this table, tle nomal fonization rate of ij-238 at d + 1

hour can be interpolated and oLtuifed as
3 (e/m . 6
ir’(l) e« 6.973 x 10 r/hr at 1 hr) / (fieston/cq. ft.) (65)

For a 10 MT surface burst, the culrlensed lonization rates Tor four differect
fireball rising times have been tipuputed ard are licted with the valies of

gross fraclonation numbers complf-A Srom them:

'1 \
t !“')\ ) rx(t.,

53 sec 7.h08 x 10'13 0.388




6w
€0 sec 3.255 x 10713 0.L67
1.47 nin 3.873 x 10'13 0.554 : )
2.15 nis © 5.09 x 10713 0.721

[Itace the f{retall riri=s <i=s,6 t, {3 related to the particle size para-

meter, @, ty Ejustios 12z, r,(t) 16 also a function of a, eometimes
denoted eas ra(t).

¢, Activitv-ConcentrtZix Trirnaity Ratioe

With Equatiuzz +7) erd (L8), the activity concentretion intensity

jutio ror zny 1sotope 2: 1y Zosnwind location can be readily computed. The

yalues of <he ystio for :Zr tiologically important fsotopes in a 10 MD

gurface burst are celeiizs:d ard shown in Table VI,




67
TABLE ¥

Decay of NMormal Fission Producte from U.235, U-238 and Pu-239
(z/br at 3 Tt atove an infinite planc for 10° rissions pe¥ $q. ft.)

Age U.235 U238 Pu-239

Years Days Hours Thermal  Pission (8 Mev) Thermal Fiastoa
0.763 (8g9977( ) (8)9960 (8)9329 (8)3%07 (8)8750

1.12 (8)6648  (8)6632 (8)6172 (3)59€6 (8)5761

1.64 (8)u149  (8)4153 (8)3827 (3)3592 (8)3537

2.40 (8)2453 §8 2484 §8 2256 (8;2071 {8)2065

3.52 (8)1410 8)1450 8)1303 (8)1166  (8)1196

5.16 (9)8079 (9)8418 (9)7582 (9)6642 (9)7098

7.56 '(9;u786 (9)5018  (9)ho87 (9)3986  (9)4398

1.1 (9)2964  (9)30%4  (9)2897 (9)2555 59 2821

16.2 (9)1804% (9)1869 (9)1792 (9)1626 9)1761

23.8 (10)9706  (9)109% (9)1073 (9)016 (511063

1.5 3u.8 (10)6305 (10)6428  (10)6393 (10)4235 (10)6360

2.13  51.1 (10)3730  (10)3786 (10)3817 (10):969 (10)381%

3.x2 7.9 {16)2276 510 2319  (10)2365 (10)2u70  (10)2362

L.57 (10)1483 (10)1524  (10)1556 101645  (10)1546

6.70 (11)9986 (10)1031 10)1039 10)1099  (10)1021

9.82 (11)67s (11)6972  (11)6893 11)7248  (11)6655

ib.b (11)4k9o ﬁu 4587 11)uhG2 11)4650 in h226

21.1 (11)2910 (11)asso  (11)2845 (11)2953  (11)2660

30.9 11)1813  (11)1807 (11)1762 (21)1837 (111645

k5.3 11)1061  (11)1039 11)1034 (11)1092 12§9m

66.4 12)6055 (12)5807 (12)5910 (12)6360 (12)5728

97.3 (1233076 (ic3897  (12)3559 (12)3896 (12)3%543

143 212§217o 12 )2090 12)2079 tm;2320 212;2200

208 12)119% 12)1164 12)1133 12)1287 12)1180

301 (13)4876  (13)4790  (13)4733 13)5707  (13)5170

1.2 438 13)1399  (13)1373  (13)1525 13)2135  (13)186h

T8 650 14)3884  (14)3758  (1b4)5517 14)9083 (1L )7690

2.60 18)2031  (14)1975  (14)3160 1h;h96h 14)b352

3.80 1)1ukL (1 Nk3z (1b)2213 14)26%e  (14)25%

5.58 wdaash (14)1158  (14)1603 )k (16 )1611

8.18 (14)1026  (1k)1021  (1h4)129) 15)970 (141225

12.0 15)9432  (15)9293 14)1094% x‘>;8hsa 14)1057
17.6 15)8310 (15)8211 15)9164 57377 15)9160
25.7 15)7183  (15)6987 15)7h 31 15)6219  {15)7668

(')AVNumbere in parentheses indicate the numter of zcros between t.e decimal point
and the first significant figure.

.« - |'-’-.o_’4'....'-.'-_v PR SR S N
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D. Particle Size Distribution

There 13 almost no data available on particle size dlstribution,
nor has any rigorous theoretical approach been made. Hovever, using the scaling
fuzctions of the previously discussed simplified fallout model, estimates
cin te made of the particle size groups that falil at any downwind location.
Given the fall velocity and the initial altitude, the size of
spaerical particles I‘ullling through 2 standard a‘mosphere can bve found
in curves preparcd by D. E. C].ark.(n) At sny downwind distance X the
firct information necded is the maximum and mim_im\m @ size for the particle
groups arriving at that location. Because the fonmulae for am and am1 n
depend on whether the a group descends from the stem or the cloud, it wag
decided that the X-coordinate intersection of the logarithmic line connecting
(X3, 13) to (*h" ih) {point 3 to point 4 in Flgure 4) with the logarithmic
line from (xs, 15) to (X, 16) - extended if necessary - would be the
division mark. For any dowmwind distance leas than this intersection X l
coordinate, the source of the particle group ie assumed to be the stem.
Then aw and amm for the stcm may be solved by graphical methods or
bty the following computer approach. Essentially a NewtoneRaphson iterative
procedure is performed on the following function to find separately

a and . _,

om8x ain
v v,
k(a2 ,%—!-P) a(z a - ;—;—'—P)
f(a) - qu - 1.08 (X - '—Tl 4+ log ao (“’
2.303(a + i-z-) ae -’;-
vhere

k‘ 1o the cxponential conctant for the firetall major axis erpansion,

Zo is a yield depcrndent multiplier,




“70+

is an empirical inverse time comstant, 0.011 aec'l,

< o

18 the vind veloci{ty, usually assigned to be 10 mph,

P is the coustezt {n the empirical formula of v:/vt, 0.95 vhen
Z o 5,000 te 50,000 ft., @ = 200 to 1,200 microns,

q 18 the constest in the empirical formula of vzlvr, 1.2 x 1072

vhen Z e 5,000 to 50,000 ft., 2 - 200 to 1,200 microns, and

a, 18 the wajor tez{-.axis of the fireball at ground zero.

The iterative procedire s

@, = infeial cstimate (67)
% * - M) (68)
Ma)

If the sequence of Q's approeck a limit, then this @ is such that f{a) = O;
or a 1s approximately equal to am or amin depending on the sign of the
number enclosed in the absolute value symbol of Equation (56).

When the downwind diztance 3= greater than or cqul to the X
intersection coordinate, it {5 aosumed that the fallout originates from
the clowd. Por particle grours falling within the cloud area at any (X, Y)

location, the maximum and mini=um @ values can be calculated by:

o o 2P0 PN o (o2 . %) 0 - b2 - Pe)

(69)
] ha__ba (1-)'2 .2)
where Y 1s translated to y by Ejuation (57).
)
For any a value, the fall.rate {3 gilven by \lr - a—"’- « The height of fall
for the gtem fallout is
(zak -V p)
o "2 v
2 = (70)
a k: * vq

ﬂ‘éfii‘;.i(iiﬁ&xlﬁrﬂtﬁﬁmwﬂmm“ o

L.
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For the particle groups that originate from the cloud tke maximun and

ainimum heig=t o fall is given by

alx - e’ & &b (a° + aif);; - v*/a°) - (X - at)°
2
a +ab

()

Using this informe*lon ceslculated in the particle size paramcter program,
Pigure 7, and a z2% of curves prepared by D. E. Clark, sece Figure 8, the
approximate particle size distribution at (X, ) can be estimateld,

Por a 10 MI detonation, and for various downwind distances the
waximum and Aaini~.a a; the falling velocity, V

r
and particls diameter u are given in Tahle VII.

¢ the initial altitude Z

Pecent work by Clark and Cobbin(m) is closely related to the
subject of this report. These authors uced the came fallout model as
deserived herein for the calculetion of particle size and rediation

intensity at varyl=g distancee {rom ground zero. The results obtalned

are in good agree=znt with those herevith reported for weapons of sinilar
yleld.
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Partiale S!zs Distribution at Varicus Downvind Distances for S MT Wzapon Yield
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Iv. INDUCED RADICACTIVITY IN SOIL3

)
LX)
~Taf.

Elements can be made radloactive by the action of thermal ncutrons

VoY

é: which excite the stable atom making it unstable &nd radioactive. As themmal
:; neutrons arce liverated in a nuclear explosion, there will be some induced
- rndloactivity in the soil erourd the detonation site, A small portion of
i; this soil will be taken up into the Tireball of the bvomb (for a ground burst
é,‘ or nenr ground bur:t) and lLiccome part of the total fallout.

oy

A d, Klement(‘ln in his report conlerning the potential radionuclides
produced in veapons detonations, lists the activities of thc varfouc nuclides
that are induced in the sofl. A total of 1.026 neutrons per KT vas essumed to
be liberated, which agrees within 8 factor of 15 with that of 1.5 x 1027
ncutrons per KT calculated from Glasstone(lh). The compouition of the gofl
that was used for these calculations 1s given in Tatle VIIT.

Flgure 9 ' gives the decay of the inducced radloactivity in coil. The
data vas obtained by taking the cortributions of the varicus nuclides given
in Table IX and surming them for the various times after detoration up to one
year,

Pigure 10 , "Integratced Heutron Flux as s Punction of the Slont
Range i{n Alr of 0.9 Sca-lovel Density for a l-Kiloton Exploslon” chows the
neutron flux versus distance for o 1 KT bomdb., Thece curves, as givea by
clautoneuu), vere Integruted over ar acca vith a 2,500 yard radius ond
vere uscd to correlate Klement's values.

Senftle and Cha::plon(w) give & detailed dircusston concerning
induced radiocactivity. A octhod for ealcudating the induced radioactivity
involving tables and formulas 1s also glven. ‘this method was used to prepare
the data in Table X 1in order to correlate the data glven by Kj.cnent"U)

and chosn in Teble IX.
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TABLE VIIX

Composition of the (iTS) Soll Assumed

Elerent 2 bx veight Flemens z by weight

TR .V YOS YO Y IS AT SRS S

X 1.00 S 28.k0

c 0.8 p 0.10

) 50.16 X 2.50

p Na 1.60 Ca 5.70
Mg 0.8 ™ Q.20

Al 6.80 Ma 0.0k

Fo 1.90

Denctty: 1.18 gnfeu.om.
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TABLY 1IX

Radioactivity in Soils (Mc/MT)

Wuclide |
o lhr 1 day 1 month 1 ycar

na2 1620 430 stz a s
ug”7 584 7.05 .

28 83,670 15.9 .
s om 3 1.7 a
P 1.2 1.21 1.15 0.276 s
Ibo a
x"a 204.5 194 50.0 a
ca*? 0.300 0.300 0.300  0.263 0.057
ca*?’ 1100 135 a
ot 156 0.0015 a
w38 2122 1655 3.82 a
o2’ 0.110 0.110 0.110 0.10% 0.087
re>’ 0.01h 0.014 0.9 0.0095 0.00006

a = lcss than one curle per megaton

The fomula for the madioactivity induced {u any elecment as given
by Senftle and Champion(lﬁ) ia:

A, = (o o)1 - &70:67 1Ty (,-0-623 0 /' 1y (12)

vhere

A‘ - activity, in disintegrations per cccond, after the nuclide

has Leen removed from the flux for a& period &
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ralewlated Activities of Various Nuclides in So12(®

Nuclide Induced Activity, Mﬁ(b)

R 24,800

Mgo T 11,100

a8 1,250,000

513t 12,300

= o 18 |

K2 3,350 ;

ca®? N 5.67
X ca*? - 16,400
: M2t 4,730 |

MnSG 36,200 }

l'e55 0.580

re’? 0.665

[ (=) Assumes NTS sofl

(v) At one minute after dctonution; decay time equals zcro
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g . sctivation crose sectior. in square centimeters for

2200 m/sec. neutrons;

b g . thermal flux in neutrons per square centimeter per
second;

M =  the total numter of atoms of the elercnt in the target;

k = relative abundance of the isotope £rom which the

radlonuclide i{s formed;
t a time of irradiaticn;
» time of decay;

T - half-life of the rcdionuclide formed.

The product (o fik) in Equation (72) has been calculated for a flux
of 1012 neutm5/5q.cm~scc and for the nuabtex of atom3 in 1 g of the target
.element. The valucs, designated As' arc listed for cach element by Senftle
and Champion(]‘S). The values for Aa can be corrected to any neutron flux
and weight of target element by multiplying by a suitable factor of propore
tionalfty. The corrccted value of Ao Jo given by:

A . (-1-;%2.1 A, (73)

vhere W i3 the welght of the e¢lemcnt in the uample, and

r i3 the ncutron flu:.

The formula used in the calculutions was:

A = AL (L- e=0+(93 t/T ) (,=0.22 o/'r) ()

R N KA




1
.
. As a specisl case, where t 18 knova to te less than 15% of T,
: & further sizplified formuls 4ag used. ’
) .
[ .
: A, o 2823y o 0-693 o/T) (15)
.
Values used for A ottalmed by Senftle ani Champlon(ls’ are listed
below:
¢ 1
e I
o ¥a' . 1.39 x 231° ca® . 1.7 x 16
: ’ MPZT . L3 x ca'? . 2.9 x 107
. al . upg e ? 7' . g.01x 10
J 3
: st o 6k x a7 ¢ . 1.39 x 101
: qg
P - 3.69 x _09 Fess « bW.56x _108
Y -
K° . Lnexw? re’? . 2.26 x 10°
' In calculating *he {ztn of Table X , a neutron flux of 0.9L x J.O]'6

m.\;trons/Sq ot per megaton vis assumed. The total welght of the soil involved

was token ag 5.92 x 1ou gr=z:. This value wa3 calculated using a 2500 yd

rudfus, A l.ft depth, an averzae density of 1.18 gu/cu em, and with a sofl

composition as thet given !t Tahle VII. The irradiation time (t) wno taken

a3 ore minute,

- i ol o

The datu presented 2 Table X agree reasonubly well with the

3 data preseuted by Klement iz Mtle IX. This agreement is within an expected

O factor of 15 as thc neutron fiix used wac 8 factor of 15 higher than that

3

K assumed by Klecent.

-Lr_ 6)

. b'u.n!c\'ule(l stai2; that the radioactivity of the fission produets
from u uclerr oxplosion over:zalows the induced radiocactivity Ly a fuctor of
approximately 103. Even tho. o thic tends to maxke the contribution of the

K inticed redioactivity almcese t--1igible there are conditions under which the

3

X

%

1,

» ¥t

33
%
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induced radioactivity might play a detectuble part. The induced nuclides
that form coluble salts vill be readily dissolved in both surface and
ground vater and therefore will edd to the contaminntion of the vater
supply.

It has been generally recognized that the activating neutrons
vwill penetrate the coil before the blast wave arrives. Some of the
activated soil will then be taker up into the cloud due to the cratering
effect and thereby becomes part of the total fallout. According to
Dr. C. F. Mlller () the induccd activity in the coil will be about
0.019 (1.9 per cent) af the lonlzation rate duc to normal Tisslon (i!.p(t.)].
This fraction vw1ll be a small percentage of the total fonization rate.
This estimate of the induced activity is applicable for a 100§ fission
yleld, assuming 0.8 neutron capture per fission Trom U-238, rcgardless
of wapon size.

It has alro become establlched that the induced activity will
predominate for a total fusion bomb. Por a 504 fusion and 0§ fission
bowb, the induccd sctivity will be relatlvely small, except for a short
perlod immcdiately aficr detonation. However, activated sodium and
mngnesium may contribute materially n; a later tim@(l7).

It 18 therefore concluded that the contribution of induccd

rodioectivity to the contamination of water supplies will not be signie-

ficant.
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V. TRANSPCRT COF FALLOUT PARTICLES EY SURFACE WATER

Trancport of the insoluble portlon of fallout may be divided
into four genercl phases: tremsport in alr, tronsport in overiand flow,
transport in stream flov and transport in 1esorvolirs. Each of the four
phases may be treated as a separate topic. Of the latter three, only
transport by stream flo< has been considercd in any detail} overland
transport and rescrvoir transport are mentioned only briefly. Trancport
in air is discussed {n Section I1I of this report.

There are three malor limitations on any stream-tlow trancport
enalysis. These are: (1) the complex nsture of sediment behavior in
streams; (2) the paucity of data concerning fallout, especially data
concerning particle size distribution or Lhe relation of radioactivity
to particle size; and (3) the obvious impossibility of obtaining vtream-
flow data for every reach of stream, These limitations precluded an
analysis of the quantity of sediment resulting from the fallout of a
given burst, although work on the quantity of fallout is now being done.
It could not be determined that a certain welght of sediment would fall
on a water surface or vhat the particle siic distribution would be.

Computations arc available, however, from Gl&sstonc(m) and
the OCD fallout model which glves certain rclationships betwecen particle
slzes, downwind uistance carried, and total activity.

Glasstone chows that 99 per cent of the total activity of
fallout {s carried ty particles of L0O microns or less in diamcter.

This relation of particle size to total activity was derived from
Figure 9.187 of Classtone's book(lu) and {¢ sho'n as Flgure 11 of this

report. The method contained in this section is based on this relation-

ship.
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articles of 4CO micron diameter are on the order of megnitude
of normal stream sediment. This means that the particles carrying
cssentially all the activity vill remain 1r suspensiom, or at least
will nct settle out immediately. It follows that most of the fallout
particles which laend on the water surface or £ind their wuy into the
stream froa overland transport will te carried by the stream and will
preeent a hazard at some distance downstreonm,

A relationship of particle size versus downwind distance
curricd wes computed in Section II of this report. (Tmble VII). Data
from that teble has teen plotted in thls section as Flgure 12,

The following general assumptions were made:

(1) Uptake by blological organisms is regligible.

(2)4 The stream chemistry is mot such as t. dissolve ordinarily
irsoluble particles.

(3) Effect of flocculation on eettling rates is negligible.

(4) Weapon size (SMT), wind speed (15mph), ar.} fellout pattern
are used to correspond with other gections of this report.

(5) " Radiouctivity of particles over 500 microns may bte 1ignored.

Purther ussumptions are made and discuseed fn the text. Some
of thece ascamp:ions depend o the nature of a specific strcam, some
require further investigation, and come which are considcred ncgliglble
in an epproximate analysis may assune a proportionally greater importance
in a more detalled conmputation.

A1 estimate must be made of ctream width, volume, and surface

arca. This may te done by equating the cronc-cectionsl arca of the

streom (et & gaging station) to a rectangle of equivalent nres vhose length
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:i', 1s equal to the stream vidth. Thie is chovn in Figure 13. The length

! o of the stream betveen any two secilons ic considercd to be a straight

".j lipe equal to the distance along the strean channel tetwcen the two

: sections. Each section of the siream may then be constdered to ke a

o truncated pyramid lying on its side with 143 tazes the cgulvalent rece-
tangles. (Or for the secction containing the source, a complete pyranid,

- stnce the source is consldered to te a point.) Concentrations may be

\1

found using the volume of the pyruids.(m)

Intensity (roentgen/hour) contours for a glven burst are supere

X N

~ impoced on the vatershed. The intensities may then be converted to activities
.

.:, (atoms/sq. Tt.) for insoluble (and soluble) portious of the vorious irotopes
Y

o~ . under consideration by use of Table VI. Details of this method are

discugssed on page 95 through page 98 of this report.

If fallout landing on the water surface {s acoumed to mix uniformly

LAk

vithin the reach of channel enclosed by a given contour, an activity con-
centration may be computed using the idealized channel chape. This concece
o tration vill move downstream a8 & unit, ond the time of arrival and time of

£ lapse of this concentration may be found at a point downstream by concidering

the particles to move at mean stream veloeity.

intcnaity contours as ordinate aguilnst time as abelssca, & serles of horizontal

E By plotting the various concentrations from units under given
p\t bars 1o obtalned. These moy be averaged graphically to obtain a time- |

concentration curve for the strenm, lote that concentration is expri-c:.cd
9 as activity rather than particle concentration. i
. By use of Plgure 12 a naxizua perticle size at a glven point

b dovowind froa the blast may be found. The raximum size particle landing

’ﬂw*h%’%""&aqulwﬂ.}. lotudallitafafeAnt ol L AA =N KWl P e 93 R R
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on the stream reach under consideration 13 compared to the maximum particle
'size which the stream will carry in suspension. If the maximum oice particle
is carried then it 'is to be assumed that smaller particles will also be
carried, and the method remalns valild,

If the stream will not carry the maximum size particle, then
some percentage of the act{vity must be recgarded as going into bed load,
which travels at a much slower rate. The only way novw available to find
the proportion of activity which would go into bed load is by assuming
that if particles of a given size are found to settle, that oll particleas
of this size or larger will settlc out, and all smaller particles remain
in suspension. The relationship of particle size to activlity glven by
Glasstone(lh) may then be used to find vhat percentage of the total activity
would settle out with the larger particles,

The ability of a stream to carry particles of a given size or
smaller {8 best defined by what may be temmed the effective carrying
velocity of the stream, i.e. that vclocity below vhich scttling of particles
of a given olze is most likely to occur. The effective carrying velocity
1s obviously not rclated to the idealized strcam channel used to compute
concentrations, but ¢s rather a function of both channel characteristics
(actual channel width and dcpth) and flovw, as well as particle asize and
sediment distribution, Stream flov data, no matter how accurate or com-
prehenslve, canrot cover cvery mile of channel. Conditions which will
produce the greatest possibility of cettling must thercfore be generaliza-
tions of what is known of the naturc of an individual stream.

Particle size distribution in air is, unfortunately, not known,

except for maxizum and minimum distancc which a particle of given slze will

travel. There 18 po way at present to compute the number of particles
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par wiit arca landing on the wvatershed. Sedicent concentrations cennot,
therefore, be computed. This is the reason for compiting concentyation
in teres of activity. Adlltlocal fallout dats, partfculerly on particle
distribution, and ediftional study or. sediment coucentirutions are needed
ta support the assumptions that the fallout particlies amix unilormly,
that particles will go out of gucpension according to size, and that
particles rove downstream at mean stream veloclty.

In onrder to approximate actusl strcom corditions, close scrutiny
of m:ps urnd exieting stream-fiow reconls will be required. Lerge-ccale
topographical maps should yleld much informetion on channel conditions
and strooam<bed slopes. The U, S. Geologicul Surveys «nd Corps of Englncers
piblieh or have on file not only geging-station records but much speclal
meazirement data.

%o analysis hos been made for trensport resulting from overland
f£low. Fellout landing on the land portion of the watershed {s conaidered
lcos of A immediate problem than that lending on the water surface,
and will probubly present no immediate problem unless it is raining
ut time of fallout arrival. (In which cace, incidentally, the fallout
m2y be intensitied.) Subsequent rain may produce a cccond activity
prik 3t a vuater intake by weshing particles into the streem. It a3 of
intercst to notc that at Covcetn Hydroloyic Lavoratory it was found that
much of the runoff which wes formerly concldercd to flo« overlund actuslly
gceo under the surface, or alternates betwecn subezuriace and ubovescurface
1<, In work with radlouctive trocers pt Coweeta, great difficulty was
esperienced in [{indirg a trucer which would follow the wuter at the came

vpeed 2a the wvater., lMout of the isotoper used at Coweeta tended to otay

cear the point where %hey were spplied. Theoe 2buldies were carried out
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on steep slopes on which there was a higher percentage of surface runoff
then on the came soll at a lesser slope; however, the 1sotop:s used were
not absnrbed vithin partieles.(19)

Particl¢s vhich go into bed load may present a long term hazerd
because of the slover and more irrcgular movemeat of bed load. A bed
load eanalysis will be required if it 1s found that large particles, in
spite of thelr possession of only a small percentage of the total activity,
are found to actually carry a dangerous amount of ﬁctivlt,y. The smaller
the particle sizc that is found to settle, the more significant becomes
the bed load analysis. Note that such a bed-loed analysis complements
assumption 5 on page B86.

Transport in reservoirs is more likely to produce settling
because reservoiro are more likely to approach qulescent conditions.
Calculations will probably be simplificd because the conditions of reser-
voir transport more closely approaches the tondition of settling in a !
quiescent basin than do the other phases of the transport problena. i

This mcthod vas presented not only because it 1s the one moat
likely at present to produce usable results, but because it provides an

outline of the problem of stream transport. Asscumptions, questlons as
to their validity, and areas requiring further study have bcea pointed
out. Computations have not been includcd because it is wished to ascere
tain the validity of some of the assump.ions, and because sufficient
study has not teen mude on specific sircams. This treatment therefore
congtitutes only a good start; however, further study in the game manner

should produce rcsults of known validity.
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VI. EVALUATICN CP MIICIPAL WATER SUPPLY CONTAMINATICH

A. Introduction

An approack to the problem of water contazination by radioactive

fallout vas taken vhic: voul2 zive a more rellable set of concentratiom

values than those celeilates greviously. The values presented in Quarterly

L 4
Technical Report Mo. 2 wvere zeximized, {n that they represented a case in
which the highest cozcezirzilon that could reasonably be expected at H + )
hour from any kind of =.teek or environment, except Jor possibly a very high

megatonnege attack. Pollowiszs 1y prescnted a more detailed and reallstie

opproach to the problea. The values herevith reported represent specific
caces in vhich enviroz=eatel 203 other factors have been considered, and
1t 1s belleved they are at lzost of the same order of ragnitude as would

be expected following z nuclear attack.

.OnJy the citles of Zouston, Texas and Mew York were chosen for
a full scale evaluatloz. Sizes the values calculated for these two waters
sheds vere {n good cort=letlics, 1t wvas felt that the results could probably
be applied vithout serfous error to the other ~ities previously considered,
Excellent watershed ca2 w25 rrullable on both citles, thus facilitating
the calculations corstiieratly.

A physical {=egrsiflon was performed over the considered vatersheds

and reservolrs to give realirilc specific 1sotope concentrations at H + 1

hour for variously directed 1% mph winds. As before, the case of fallout

contamination from that fallizs in the rescrvolr alone was considered as
well as the case of ri=off cxctaninatlion from the entire watershed,

* B. Calculations

Since large scale mpy of both the Houston and Hew York vatersheda

were avallable, transperezt orerlays were superimposed over the vatershed

See Appendix A
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arees zrd eppropricte grids scsled in, Thewse grids consiatel of five mile

sguares for waterzhed ar:as, ard tvo xzile squar:s for the reservolr areas
wher. lowgs elogh Lo app‘.'/.. ?tgire Ik ohonc the grid 2a tne waterched
terwing Beusnoa. The ground ~ero of = § MY veapon detonution wus located
$0 85 0 give 2 fcllout patier whizsh fell on thre watershed for the 15 mph
wind molel. Variow ¥ind dirseiions wore also choten 20 wg to glve sone
bacls Tor cczparlzon and 40 acccunt for possible seasonel variation. It

iz guvious fron tha gaography oF llew York and louston that the wird
dircctions frox trhe east aad north would give rise %o a nogiigible arourt

of fullod oeur zshely respretive watersheds, so that these wind dimections
were oaltted.

Jme atteexs 4hut were evaluat=d were as follows:

Cuze Ia Touston = Crovrd zere 13 downtown Nouston and the wirnd direction
is from the south.

Cuce Tb Youston = Grourd zero is downtown Youston &ni the wind direction
is {rom the vest.

Cave ITa Mew Zork - Cround zero is Central Park and the wind dircctlon
is fyrom the south.

Coce ITb Mew Yurz - Srouwnd zew 13 Einghamton, New Tork, and the wind
directioa is from the west.

Separate evaluations vere mude for ench of these ctses with recpect
to contaminutlon £rom Lne reversdivr and that from munuff of the entire water-
shed. Tu tzne ecuse of Houston, She concantratlion of activity waa calculated
ror snie of the Sied stpanc tros dircel fallont contuminutlion for ¢omparizon
purpoi23.

Por “Lce res21volr stidy, the Lrea of the mspective reservolirs
» Pe

witnin each “vo mile grild wa: fond by plauimetor. Ia the foucton wetershed

A
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there 13 only oze reservoir and ia the New York vatershed all six reoervoirs
ezpty into one so that the problem is somevhat simplified if complete mixing
1s assumed. Trhe centrold of each selected grid area vas cstimated, and its
coordinates =easured with respect to ground zero., An intensity vas then
assigned to 2sch set of coordirnates and lt- was assured to be coastant over
that speclifle arca. The Intensity values were chosen according to vhether
the specified area vas either covercd by the up~ind or downwind cleud,

Those valur3 related to the upsind cloud were arrived at by interpolation
tetween pacviously estimated intensity contours, and those of the downwind
cloud were crrived at by interpolation of computer calculated contours.

To convert from the intensity over each area to activity in
atoms/sq £t in each area, the value of N‘(A)/Iu) from the fallout model,
for each i:zotope considered, was taken as its value corrccpouding to the
downvind dictence X. By multiplying the appropriate N‘(A)/I(l) value by
the intenslcy over each square, the concentration in atomc/oq ft is found
for each arsa, 3y then multiplying ecch atom concentration by its cor-
responding areas, the total number of atoms in each aquare of the grid is
found. The total number of atoms ol ench isotope at H 4+ 1 hour {n the
reservoir was then found by addinrg up the contributions fiom cach square
over the rezervoir. By assuming that complete mixing has occurrcd, the
concentration of activity in the reservolr in at.oms/litcr mny be obtained
by dividing ty the total volume of water in the reservoir. 'I;hc concene
tration of coch {sotope considered at H + 1 hour, for the llouston and
lew York reservolrs is shown in Tables »I and X7 ° along ulth the equivalent

activity in uyc/al.
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Table XI

of the Houston Rezervolr

Zouth Wind

West Wind
Isotope Ators,livep ue/ml Atoms/liter uc/ml
Sr-89 L.6x 1% 1.9 x 1077 4.6 x 107 1.9 x 1072
Sr-90 10.9 x 107 2.3 x 1077 10.9 x 107 2.3 x 1077
Ru-106 5.1 x 187 3.0 x 1078 5.1 x 10° 3.0 x 1076
1-131 9.8 x 107 2.7 x 107 9.8 x 10° 2.7 x 107
Ca-137 5.3 x 107 1.4 x 1077 5.3 x 107 Lk x 1077
Ba-1%0 13.7 x 107 2.3 x 107 13.7 x 10° 2.3 x 107
Table X;1
Activitr Concentrations for Dircct Contamination

af the New York City Reservoirs

South Wind West Wind
Isotope Atons/irtor _uc/ml Atoms/liter pc/ml
Sr-89 2.9 x 10%° 1.2 x 107 3.9 x 1049 1.6 x 107
Sr-90 5.6 x 199 1.2 x 1070 6.9 x 109 1.5 x 10°6
Ru-106 2.5 x 10%° 1.5 x 1077 3.0 x 10 1.8 x 1070
1-131 5.6 x 1029 1.5 x 1073 6.8 x 109 1.9 x 1073
Cr-137 3.7 x 10%° 7.3 x 1077 5.1 x 10 1.0 x 1076
Ba-1L0 7.0 x 1c¥° 1.2 x 1073 8.4 x 10'° 1.4 x 1073




-lm-

The activity concezsmafons for the Rouston reservolr (Table XT) are
the came for south vind and vez: 7ind becauoe the came intensity contour falls
across the center of the reserrair in voth caces. When the wind i{s {rom the
south, the right hand portioa 37 the contour crosses the reservolir. With wvind
from the west, the left hard p:=“lon of the contour is involved,

A separate evaluatice of stream contaminution was made using &
randomly sclected creek.feedizg the Houston reservoir for the purpose of coae
parison only. This selccted Tend utream (Cypress Creck) ran perpendicular to
the Qownwind fallout axis and <:up-ied into the Houston reservolr. The evalua-
tioun was caurried out in the size manner ao that donc on the recervolr. The
stream was assumed to approximite an isoceles triongle with the base repre-
senting the vidtﬁ of the streen mouth. Twa mile lengths were lald off and the
trapczoidal arcas caleuluted. Intensity values and activity conversion values
vere chosen as beforc to obtalz the total activity falling directly on this
stream, To present an esiimatiza of the concentration of activity in the

stream, complete mixing was asrmed. However, it is evident that the activity
will really move in a sXug typs of formation, completely wixing, 1if at all,
only when the radioactivity rezzies the rescrvoir. Although some mixing during
stream Tlow will occur due to ¢irkulence and diffusiom, the presentcd case
will never be actually attairel, since countercurrent mixing is unlikely.

From the presented values in Te=le XIII it may be scen that some build-up of
activity may occur in arcas {rrellately surrounding the streon fecd-in points.
llovever, this bulld-up will not represent a cerious problem in the studled
cace tecause of its distance froa the municipal intake, and the relative time
clapsed from the time of detor.sslon to the intnke time,

The sccond case otudlel was that of the contamination to to expected
assuming runorf from the entire «atershed. This stuay was made for both the

New York and Houston <atershcds, the method telng simllar to that of the first
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Table XIIY

Activity Concentrations for Cypress Creck (South Wind)

Icotope Atoms/1iter pelm,

Sr-89 2.2 x 1012 9.4 x 10”3
Sr-90 5.4 x 1012 1.1 x 107
Ru-106 2.6 x 102 1.6 x 10”3
1-131 _ nh x 102 1.2 x 107t
Cs-137 2.5 x 102 4.9 x 10”7
Ba-1%0 6.8 x 102 1.2 x 1071

cage. Pive mile grids were used, hovever, instead of two mile grids. Wind
conditions were selected identical to those of Case I. To culculate the actual
amowit of radioactivity (soluble fractica only) that reaches the reservoir,

the runoff cocfficlents supplied by the respective municipal water works vere
assumed valid in that they represent a maximum.value to be cxpected. The
calculated activities are therefore coasidcred to bte maximum values. The
actunl rcdioactive runoff coefficient will actually be less than the aqueous
runoff coefficicnt depending on (1) the instantcous moisture content of the
soil, (2) the duration of time from detonation to rainfall, (3) ion-exchange
and absorption in and on the coil, and (b) plant uptake, Th: calculated
values of activity concentratious of the gselected isotopeo at M ¢+ 1 hour,
acsuming complete dilution by the compositc likes and streamo in the watershed
for both Eouston and New York is prescntcd in Tobles XIV ond XV. The factors
involved obviously vary videly from one cnvironment to another, so that general
acsunptions made from any particular recervoir should be applicd with caution

to other situations.
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Table XTIV

Activity Concerrations for Contamination from Runoff

., the Boustoa Watershed

Isotope

Sousn dind

dest Wind

Atoms/1liter

pc/:.l

l\tons/liter

uc/ml

sr-89
Sr-90
Ru-106
1-131
Cs-137

Ba-1k0

.5 x 1012

8.8 x 1012

L.l x 10

9.2 x 1012

9.3 x 1012

11.3 x 102

1.9 x 107

2

1.9 x 10'1’

2.5 x 1073
1

L

2.5 x 10~

1.0 x 10~

1.9 x 107t

3.6 x 10%°

8.5 x 10%°

5.0 x 10%°

1010

1010

10

1.6 x 10'“

1.8 x 107¢
2.4 x 107
2.3 x 1073
8.5 x W'

1.9 » 1073

Table XV

Activity Concentrations for Contamination from Runoff

for the lev York City Watershed

Icot.ope

South “ind

West Wind

Atoms/11iter

uc/ nl

Atomg/1iter

uc/ml

3r.89
Sr-90
Ru-106
1-131
C3-137

Ba-1h0

0.36 x 10
0.65 x 10
0.29 x 10
0.65 x 10
0.8 x 10

0.8 x 1012

1.5 x 10”3

1.k x 1077

1.7 x 1o'u

1.8 x 1072
9.5 x 10'6

1.4 x 1072

1.6 x 102

2.8 x 10
1.2 x 10
2.8 x10
2.2 x 10

3.4 x 102

6.8 x 103

5.9 x 10°°

7.1 x xo'h

7.6 x 1072

b4 x 1077

5.8 x 1072
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C. Conclusions:

It is not the purpose here to drav any conclusions in regard to
the biological hazard resulting from the concentrations of antivity preseated
in Tubles YI - XV. This aspect 1s being considered clsevwhere in this report
and also Yy other investigators.

It may be prudert, hovever, to consider the relative value of
the previois calculations. It must be remembered that only a § MT veapon
vas consicered and that all concentratlions arc for H+ 1 hour. Thus
for eny otzer slze weapon, appropriate revisions in the fallout model will
..ave to be made before it may be applied. As for & multi-bomb wttack,
one cannot but accep‘t some mothod dased on additivity. Complications
arrive heve, as far as foming a model is concerned, because cf ground
zero locations. Since H 4+ 1 hour values of concentration are given, one
may 8spply suitable decay curves to adapt them to any specific otrcam flow,
reseyvolr flow-through, or intake time, etc. for a particular wvatershed
system,

It 1s not to be implied here that the Houston and New York values
nre represcntative of all municipal reservoirs. However, they do present
a rcasonable value to be expected in a recalistic case, and alco demonstrate
the ease with vhich an evaluation moy be made, By making such an integrated
evaluation for any specific watcrshed and applying loeal conditions, the
relative radiological hazard may be cstimated.

The Houston and llev York values will be seen to vary froa the
potential velues 1 unusual canditions prevailed such as would occur

during a dry spell. However, the effecte will be somcvhat cowntertaianeing

in that high recervoir concentration due to lov volune will bo somewhat




!

-10h«

offset by the lack of runoff contamination. It 1is doubted that winatural

conditions, unless very severe, vill change the concentration of activity

by more than an order af magnitude.

g%mﬂk '»'..‘;1-;';":)'JJ-Jm"':'t‘ WG, ¢ e - - -
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VITI. AGALYSIS OF RADIOACTIVITY IN WATER

A. Radlochemical Mathoda

1. Introduction

In most radiochemical analyses the steps are concentration,
separation, purification, and counting. Evaporation and {on exchange
are the (vo principal methods of concentration, but may rot be necessary
{1 the level of activity 1s sufficiently high. The individual radio~
nuclides arc usually separated by mcans of precipitation, solvent
extrection, or ion cxchange elution. Purification of the individual
radicnuclides usually follows standard chcemical procedures which depend
nsinly on the solubility characterictics of compounds of the radionuclides.
Coryell and Sugarman {20) have described purification of many of the wore
important radionuclides. Radlolcctopes are counted using appropriate
instiuments, depending on the specific laotobe and the desired accuracy.

"Carricra” are of prime importance in wet radiochemical procedures.
The mechanismo and usage of radioisotopic carriers have been well defined
by Overman ond Clark (21). A carrier, vhich 18 normally the ctable isotope
of the clement being determined or a stable element vwith very simllar
propertico, is added to increace the total concentration of the elemeat,
because the radloactivity will normelly be present in micro quantities only,
Hence, f thc_ carrier is not addcd, pert of the radioactive material will
usually oe lost%, even though employing the most scrupulous analytical
technlques. By welghing the final c¢olid to be counted, and knowing the
original amount ¢f carrfer added, thc percentage chemical and phycical loss
ray be calculated., By accuming complete interchange of carrier and radioe

nuclide, the carme porcentage of cach will be lost, and the originel concen-

tration of activity may readily ve calculated. The carrier itself is
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ncrmslly added as a solutiom of a soluble salt of 32s carrier element
prior to any chemical procedure. Carrfer addition s used extensively
throughout the described analytical procedures, >izh some carrler-free
determinations are nov coming into use.
There are several compilaticns available v2ich deseribde detalled
procedures for the quantitative determinatlon of =acy radionuclldes (20,22,23,24)

ost of these methods have been proven and are in Sez2ral use.

2. Procedures for the Detormination of Hpecific Rllznuclides

a. Readtostrcutium

Strontium-90 has been generally recognizel as being s very dlo-
lcgically hazardous radionuclide as it accumilates I= bone. Due to its
relatively dangerous nature, wide intercst has becs arcused to find a simple
and rapid method of analyals for strontium-90. TeXiques that heve been
in use for several years are still finding widcet 5z because of their
accuracy, the time consideration being lecs importazt 1n peacetime.

Strontium-89, perhaps somevhat less of & bazard than strontium-90,
tocause of its shorter half-life, will also be prefent inm fallout contaminated
water. Separate anslyses of strontium-§) and strontiin-90 are thus desirable.
Strontium-689 activity is normally found by subtradtlos of stroatlum-90 from
total radiostrontium concentration.

(1) Radiostrontium and Radioharlum by Nizrate Sepo.ratlon(zs)

Strontium and btarium csrriers are added x:3 the Group II cations
are precipitated as the carbonates. Partiel separaiida Iram calciun is
accomplished by nitrate precipitation in fuming nl:si? mcid. The rexzalning
ealelum nitrate 1s then extracted vith ecetone. FRare earths and other
trivalert cations are removed by tewo hydroxide soaveoglngs. Barium is

finally separated from strontium by precipitation as ariun chromate. Stron.

tium 1s then collected as the oxalate and counted. The barium is converted
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froin the chromate to the chliride for counting. The lowest level of detection

§..r radiostrontium by this c—ethod is L x 10'8 u2/ml and for radiobarium,
1”7 uefml. A presision <2 about 103 ray be obtained.
The calculatiou of the total amount of radicactivity due to either

reltostrontium or radlotarliz, using an internal proporticnal counter, is

mgde by use of the fellowlng equetion:

uuc net cpm

*  TARIGEC)D)z.22)

yhere A = efficlerncy factor,

B = chenmical yleld,

¢ = self-atsorption fastor, and
D

= volume in liters.

fqiits formula also holds trie for determination of the other radforuclides

A variation of the preceding technique wae introduced by Kooi(26)
After the separation of strontlu:m by carbonate and nitrate precipitatiorns,
varium removal 18 effected ty barlum chloride precipitation in a hydrochlorie
y:jd-ether system. Ay lanttaqum<140 vhich may be present from barium-140
gri:ay 1o removed by a ferrle hydroxide scavenge. Scnsitivity in the lo'muc/ml
rsange 18 obtainable by thls procedure,

2) Strentium-Z7 %y Solvert Extrantion of Yttrium-90(27)

Strontiun carrier !5 added and carbonate precipitation is performed.

Tir: carbonate precipltate is dlccolved in hydrochleoric acid and the solution

a-avenged vith hydroxide. The strontiun is again precipitated as the carbonate,
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vhich {8 thea alloved to stand, thus permitting yttriume90 ingrovth., The

rttrium tg extracted with tributyl phosphate equilibrated with 14N nitric

actd. Palloving extraction, the yttrium £s washed from the organic phase

vith 0.2 N tmoa, dried 1n o Planchet, and <ounted in an anti-colnctdence

tets countep,

~ 4
A decontaniration factor of approximately 10 {s obtained. The

chemlcal yleld 1s greater than 7% for strontium the recovery of yttrium

by the solvent extraction 1s 854,

Strontium.90 detcminutiona, tuch a3 that shown above, are norzmally

nade by measuripg the activity of 1ts beta decay daughter, yttrium-90. Arter

2 sutltable period has tlapsed, the yttrium-S0 ingrowth 13 separated from the

Yulk of the strontiua by some sultable means. The yttrium-90 {s then purifried
and counted. The strontium may then be determined by calculation using the

folloving l‘omuh:(za)

) net ¢ »
Strontlum-90, uuc/2 = (ARBRCHDHB;;FNEQ?)

where;
A« effictency factor,
B ®  per cent extraction factor,
C ®  per cent ingrowth factor,
)] ® chenlcal yleld,
E e sample volume (1iters), and
4

= decay factor; calculated from
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e,

A = activity remaining after a time Interval %,

A w» activity of sample st soze originel time,

AN = €.693

helf-lite of yhtriua-90 (c2.4 hrs) ? and

t = time (hours) fron separation to counting.
By knosing the total strontium-30 activity end the total activity due
to raediostrontium, the strontium-89 concentretion ray be obtaincd from the

difference.

(3) Strontiun-90 by Direct Preeipitation of vttriun-90(29)

Strootiun-90 activity may =lso Ye easily messured by & variation. of
the preceding method. After & suitable tlme hag elapsed for ytirium-90 ine
growth, yttrium carrier is added and subcequently precipitated ac the hydroxide
by the addition of sodium hydroxide. The radloyttrium is then purified by
standard radiochemical tcchniq-ucs, vhich vill dep=ud on the coiicentration and
species of the other rare earth radionucllides precent. Resolution of the
decay curve will be necessary if yttrium-9) is preseat.

(4) Radioctrontium by Ion-Exchunge Methods

Kahn and Re;/nolds(3°) utilized ifon-exchange resins for the ccacentrae
tion of radiostrontium. Strontium carrier {s added to o lU-liter water sample
and the gsolution 15 pasced upflow through a cation exchange resin in hydrogen
form. The strontium 1s then eluted with 14 nitric ecid., The radlostrontium
18 then scparated from other slkaline earths end purified by previously
ment ioned methods,(26)(27)(29> depending on vhether total radiostrontium cone
centration 13 desired or strontiun-20 alone.

By means of coucentration of activity with lon-vxchenge resins, great

sensitivity can te obtained, poeslibly do-n to the 10'10 uc/ml range.

it A I AN B S a y s a2 i 2 P at P LS adyaly i et AN L e L LA A e A L
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A similar fon-exchange method -sas descrited by Kahn, Eastwood, and
uc—/(-u)- Using appropriate radiochemical techniques, other long.lived radio-
nuclides could also be determined. In every case, the recovery of activity
was greater than 99%

Bryant, Sattizahn end Warmn(p) utilized an {on-exchenge procedure
to separate yttrium from strontium after a ten day ingrowvth period. The
yttriun vas then selectively el.ced from a cation cxchange resin, folloved by
a reedéorptlion on another resin and finally counted. The radioctemical res
cover/ WAS greater than 97%. Gravimetric measurement is not required whea
using this procedure.

(5) Radlostrontium by Evaporation Methods
(33

According to tibby strontium-90 may readily be dctermined im lowv
concelitrations by concentrating the activity Ly evaporatioa,

The oample {1 liter) is evaporated to dryness, and dry stroatium
nitrale carrier is added. Following addition of calclium chlorlde, to the dry
residug, the cample is dissolved im phosphoric acid. Yttrium 18 then removed
by the snddition of lanthanum carrier, followed by hydroxide scavenging. The
precipltate 1s redissolved and the milking repeated twice more. The third
precipitate is saved, ignited and counted. The analysis itself takes two
hours i@ perform. It {8 necessary to utilicze decay curves to determine the
yttriui=OC activity, due to the presence of yttrium-9l and other rare earths.

b, Radiocesium

Padiocesium is considered to bYe one of the more important of the bloe
logicnlly hazardous radionuclides. Cesiwm is chemically similar to the other
alkal{ rutals, such as codium and potassium, vhich are cormonly found in the
fnternal organs. Thus jonic interchange within the tody 1s easlly accomplished.

Cs-137 «id C8-134 with half-lives of 33 years and 2.2 rears respectively

constitute the greatest radiocesium danger.
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Selective alkall precipitatfor. and {on-excharge eluzlon have proven
to Ye the best methods of separation for the analysis of rallocesium., Deters
mination of the various isctopes appears to be most feasible ty gemma spectroe
SCORPY «

(1) Radiocesium by Phosphomolytdate Precmtauon( 38)

After the additicn of cesium carrier to the sample, prosphoric acid
and ammonium molytdate are added and the cesium {8 precipitstsd as ceslun
emnonium phosphorolybdate. After dissolving the precipitate in sodium
hydroxide, the cesium is reprecipitated as cesium cobaitinitrite. This
preclpitate is dried at 100°C on an aluminum planchet and cournted in an 1in-
ternal proportional counter. A 93% removal of cesium activity was atteined
by the pnosphomolytdate precipitation. Concentrations as high as 10* uc/ml
and as low as J.O'lO uc/ml were measured vith good accuracy. The two principal
cesiun redioisotopes measured by this method were cesium-137 and cesium-13b.

{(2) Radiocesium by Cobaltinitrite Precipitation( M

After the addition of cesium carrier, the cesium and other Group I
cations were precipitated as the cobaltinitrite after the sdiitlon of sodium
nitrite and cobaltous chloride. After washing, the cobaltiniirite is dis-
solved in hydrochloric acid., Cesfum silicotungstate is then precipitated by
the addition of silicotungstic acid. The silicotungstate is then dissolved
in dilute tase and the solution scavenged with ferric hydroxide. The excess
tungsten 18 removed as the insoluble prioxide. Cesium and sodium perchlorates
are then precipitated by the addition of perchlocic acid and atczolute alcchol
to the solution. The sodium perchlorate is then removed by waching the pre-
cipitate with absolute alcohol. The final cesium precipitate 1s then washed,

dried and counted. This method has beea proven to te quite accurate and is

nov in wide use.
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Osmond, et u.(29) co=preciplitated ceslum cobaltinltrite on potaseium
cobaltinitrite and followed wiz® & eimilar puariricatlion proccdure. This
method has found little populsr =se.

(3) Padiocesium ¥+ Tilicotungstale r’rectpimtion(“”

This proccdure 1s bazc? m e =cthod originally descrited by Yimagata
and meeat&(36). The cesfum is Z{rst precipitated as the silicotungrtate.
Dicsolution of the precipitate it then followed by a Terric hydroxide
scavenging. The cesium is thez m:precipitated as the diplerylaminate. This
galt 13 dlssolved in 4-methyl-Z-pemtanone and the cestwa is extracted by meane
of 2M hydrochloric acid. The cerlnm {s finally precipitated as the perchlorate,
1n which form 1t 15 driled, welgusI, and counted., The chemical yield io 80}, and
e!ght annlyses may be performel I= eight hours.

(23)

(4) Radiocesium by * Co-crystnllization Procedure

A method has been deserinei by which cesium is separated from the bulk
of the alkali elcments &nd the miiad fission products by co-crystallization
vith amzonium aluminum sulfate. TEs ammonlum salts arc decomposed by heating,
and the cesium is precipitated for counting from a dilute hydrochlorie acid
solution as the chloroplatinate. This method has been in use as standnrd
procedure in some labvoratories.

(5) Radlocesium bty _I:c-Exchange Methods

Kehn, Eastvood, and bacy(:”") have developed a scparation scheme for
the analysis of the more ha:zardous radionuclides by 1on exchange. The npeciflc
radicelements studied vere cesiux, cerium, cobalt ond strontium. The lower
1imit of detection was decrcased s hundredfold by concentrating the rudio-
activity of a large sample with s satlon exchange reein.

Cesium was gselectively eluied by means of @ hydrochloric acld from

the cation exchange resing stuilei. Standard purification procedures were

& Pata Mt LTAN o M0 TN
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then used t0 prepare the sample for counting. The ceslum was separated from
the other alkali cation contaminants by precipitating 1t as the silicotung-
state, dissolving the precipitate in sodium hydroxide, and then reprecipiteting
1t es the perchlorate for counting. The activity recovered for all radlo-
nuclides was greater thean 99.2%.

Tsubota and K!tano(BT)fbund that an armonlum formate - formle acid
buffer of pH 3.2 selcctively eluted the alkali retals from a cation exchange
resin. This buffer was employed particularly for the deteimination of radio-
cesium, being somewhat superior to hydrochloric acid or citrate buffer as
an eluant.

¢. Radioiodine

Radiolodine may be elther beta or garma counted, although garma

scintillation is preferrcd for determination ¢f the individual radiolsotopes

of {odine.

(1) Radioiodire by Chemical Methods

Glendenin and letcalrl (28) determined radiolodine activity by an
extraction purification procedure. Carrier sodium iodide is added to the water
sample, and interchange 1s accomplished by oxidation to the lodate with sodium
hypochlorite in basic colution, followed by reduction to the iodide by sodium
bisulfite in acld solution. Sodium nitrite {s then added to oxidize the fodide
to clemental fodine which 18 then extracted into carbon tetrachloride. The
fodine is further purified and ccncentrated by tack-extraction into sodfum
bisulfite sclution which {a finally gamma counted at the iodine-131 photopuak.

8

The sensitivity of the method is approximately 107 c¢/ml for a liter sample.

The problen of incomplete carrier interchange is overcome by this

procedure which employs cxidatione.reduction.
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™ Tha sare suthors also describe a procedurs {n vhi{ch the fodate is

-

- reduced directly to the {odide by hydrexylamine hydrce=loride. The iodide

! obtalired after the sodium blsunfite back-extraction is :reclpitated with

o

: gllver altrate as silver iodide which 1s thon dried, velshed, and bets

"

N counted.

\

. A similar but faster method for radiolodine 3atermination was de-

% - velop=d by u.-vlsug). He developed a cortinuous extructor employing two

R

~ B centrifugal pumps, to promote mixing ard extraction. TRz l{odine vas extracted
. into carton tetrachloride and backextracted into bisuli!te solution in one
’ operation. The garma emission of & pipetted sample vas then mesasured. The

- B time of analysic was cut from 2 hours to 30 minutes. A accuracy of

o

L 93.0 T 8.0% vas schieved.

o

' 4. Total Redio Rare Earths Detcrmination

5 (1) Total Rare Earth Actlvity ty Fluoride Presipitation

o

.-7 Ruze and Martens (kox\ave developed a rapid re‘hod for the determinae.

Z-} tion of' rare earth activity by which the teta and gamma activities arc deter-

! . mined serarately. The method is quite rapid, the ger—a J2termination taking

: : only a half-hour.

"5 Two rare earth fluoride precipitations serve %3 remove zirconiun and

. niobiu=, the principle garma emitters of fisslon material. DBarium and strone
tiwa, vhich are heavily coprecipitated, are removed by hi-iroxide precipitation

FI

E N after the addition of holdback carrier. The cemple may then te garma counted.

Y -

; : To estirzate the beta activity, the rare earths rust be precipitated as the

! ” oxalates refore counting.

: & (2) Total Rare Earth Activity ty an Alternate :thod

2 . .

:: 3oldridge and Hm:e( 1) developed a rethod si={lar to that above

[}

o

'v
1
A
N
g
!
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fCr the fecamis aticn of tctal rarc earth activity. It 1s somovhat lengthler,

Yat =re arr.rate, particulsrly for bteta counting.

Imazle z-rium 18 added as a carricr for the entire group of rare

earths, Tt» rarc earths are then precipitated as fluorides, rcdissclved in

borie end witric acilds, and reprecipitated as the hydroxides. Zirconium is

then re=ovel zy precipitation as the fodate after reduction of all the rare

earihg o -~ trivalent state. Following hydroxide scavenging for alkaline

earih remorel, the rarc earths are precipitated as the oxalates and teta-
ccunt2d 1z = {rternal proportional counter.
(
$.:-23 end Pappas ’ha) employed a similar technique, using lanthanum

as a carrizr 7:r all the rare carths. Following separat'on and purification

of the gro.r :f rare earths, individual scparation was attained by elution

fro= a cazi; =xchange column with armonium lactate. The ion-exchange separa-

ticn st2p wrr zarformed without additional carrier, and the recovery of
activity £or zach radionuclide was assumed to be the same as that for the

lantaamz==. T advantage of the non-carrier separation is that a "weightless™
sa=ple 1s :i-aln2d, thus eliminating celf-.absorpticn and self-ccattering
faclors.

e. Mrrllanecoug Radionuclides

{:7 =maldiobariun

D i:omluation of -adlobarivnm may casily be made durlrg the radlo- '

gtrontlus wowly2is. both tirontium and tarium form insoluble cardbonates, and

subseqient s:saration may be made by precipitation of bterium aes the chromate.

This geshod. =7 Hahn and Straub, (25)

(13)

followed the game procedure cxcept that the precipitate

was deseribed earlier uader radicstrontium.

~ter and T-dns

16 counteld 1 “ne carbonate inotced of the chloride.
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Minkkinen( 2k) bas developed a procedure for the gnalysis of mdloe
variuz {n which barfum chlorile carrier is cprcifically precipitated as the
nonohydrate from a concentrated hydrochloric actd-e¢thyl ether mixture. 7TLle
preciptiate 1s dissolved in water to vhich Jerrtc hydroxide fs sulsequently
8dded uc n cecavenger. The barium 1s then Leoluted as the chromate. The
chenical yicld of barium chromate ie about 704, Tne Larium chromate procipie
tate 18 then set aside for 134 hours to allow the bariws-1%0 and {ts Jaughter
lanthanum-140 to come to equiliirium.

{(2) Radiocerium

Burcus and Enee].kemeir( Lu) have developed  method of enalysis for
rediocertum (cerium-14k), employing o serics of precipitations. After tbhe
addition of cerium carricr and elkaline earth holdbuck carriers, cerifum was
separated along with the rare carths by fluoride rccipitation:. Alternate
hydroxide und fluoride precipitations are then employed to remove zirconium
and alknline carths completely. The cerium is then oxidized to thr tetruvaleat
state with perchloric acid and precipitated as the fodate. Thorium activity 1e
then removed as the 1od§te following the reduction of cerfum vith sulfur
dioxide. After scavenging with thorlum and further rcprecipitution, the cerium
1s finnlly precipitated as ccrous oxilate, which 1g cubccquently ignited to
the oxide, After weighing, the cerlium activity {o countcd on an intecranl
proportional counter.

The percentage of chemical recovery 1s only nbout 30%, but the rulioe
active purity of the final precipitate is very high.

It 15 likely that this procecs could be ghortencd becaure of the
probabtle abgeace of thorium from fallout contaminated water.

Amen(hs) cnployed a eimilar prccecdure for the analysis of total
radiocerfum. The concentration of cerlium-14k 1; obtalned by counting im-

mediately, using a 217 ms/cm2 aluminum atsorber. This shields all the

. el e, v et e A mtal A s o Palea
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cerius betas, counting only those fro= prascodymiumelil, the daughter product
of ceriun-1kh, The diffcrcnce belween the total rediocerium concentration and
cerium<lil concentration 1is assuwri:d Gie to cerium-lil, a neutron induction
product.

L ’
(v descrives a melnod by which radiocerium 1s {colated by an

Barr?es
extraction method and counted for ¢eriua-lhb, Carrier {nterchange is accome
plished by means of an oxidatlon-reiustion cycle. Two dibutyl phosphate exe
tractions are then carricd out to 1emove the heavy elements. The ceriunm is
then precipite;ted ag the fluoride; oxidized to the tetravalent state, and cx-
tracted into hexonc. Finally it 14 converted to the dioxide and counted for
ceriws-1bk by means of u beta counter uslag a 217 ns/cne aluninum abgorber.

The chemical yield varies from 50a(0%.

Kahn and Reynolde( 30) have developed another method for the determina-
tion of radiocerium activity employing the use of lon-exchange resins. Con=
centration of rodioceriun and added carrier vas attained by passing a onceliter
vater sample through eithcr Dowexs’d on the hydrogen cycle or IR-220 on the
sodium cycle. Cerium was cclectively cluted from the resin with 25 ml of
M nitric acid. Purification of th# rodlocerium is obtained by successive
precipitations &s the fluoride, the hydroxide and finally as the oxalate. The
cerium oxalate s weighed to detetmire carrier loss and then counted.

8

Sensitivity of detection was incre#ped to approximately 10 - pc/ml.

(3) Radigruthcniunm
Clendenin(u”) hao developnd fn Annlysis scheme for the determination
of radioruthenium which hao been utllized us & standard method of procedurec.
Scparation of the mdforutheniua with cnrrier ruthenium is accompliched by

oxidation with perchloric acid to Lhe volatile tetrooxide which is subsequente

1y distilled off. BSodium bismuthaio 16 added prior te distillation to pruvent
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volatilizatfon of the halides by ox{dizing them to the oxyacids. The ruthenium
is absorbed into a sodium hydroxide solution ard precipitated in the form of {ts
lover oxides by rcduction with ethanol. The ruthenium oxides are then dig-
rolved in hydrochlorie acld, and ruthenium 1s- precipitated in the metsllic

state by reduction with magnesium mctal. The ruthenium metal is weighed for
carrier loss and counted, The chemical yield is about 65%.

Melngck*8)

, using an almost identical chemical procedure, describes
o process for the determination-of ruthenium-106. By using a peries of hcavy
aluminum absorbers with a beta proportional counter, a correction factor for
the presence of ruthenium-103 (half-life = 42d) may be obtained by extrapolae
tion. Extrapolation for the correction is necessary, in that whtle counting
the betas from ruthenium-106 through a 210 ll&/cn2 aluninum atsorber, the gamma
reys from ruthenium-103 are also counted. If the activity due to ruthenium-103
alone 1s desired, gamma scintillation may be used vith a 2,000 mg/cme aluminum
absorter.

Mcrrltt‘hg) describes a method of radioruthenium analysis in which the
ruthenium is detcrmined in the presence of strontium, cesium and cerium by
fusion and extraction. Polloving the cddition of carrier rutheniua to the
water eample, the sample 18 fused with potassium hydroxide, sodium nitrite,
and sodium carbonate at 550°C for tvo hours. The melt is leached twice
with wvater to dissolve the ruthenate and cesium, leaving strontium and cerium
in the residue., Otrontium, cerium and ccoium are thea amalyzed by previously
pv:ntioned procedurcs. The rutheniuam 18 catracted from the leach, after the
nddition of pericdate, vith carvon tetrachloride. The ruthenium §s then
stripped from the carbon tetrachloride with &1 hydrochloric ac1d. Magnesfum
is then used to reduce the ruthenfium to its elemental metallic state in which

form it 1s subsequently counted., This method has proven satisfactory for

soll leaching analysle, etc., but could well be used on water pamples.
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" (4) Radtozirconium-Radioaichbim

Stt:inberg(so) has developed a zethod for the determination of zlrconium-
niodblun activity which has been tested and proven. Following the addition of
both zirconium and niobium carriers, the wo elecents are complexed by the ad-
dition of oxalic acid. Trorium cxalate scavenglns is carried out by the ade
dition of potascium chlorate to the acicified solztion. -T‘ne niobium oxide
is redissolved and reprecipitated as the cxide hyirate. The water §{s then
driven off by ignition and the nloblum oxilde is weighed and mounted for counts
ing. The zirconium {s precipitated fro= the original soiution as the phen-
ylarsonate by the addition of phenylarscnic acld. This precipitate is dissolved
in oxalic acid, forming the soluble oxalate. Th> zirconium 1s reprecipitated
a8 the phenylarsonate, which is subsequently ignited to 21’rcon1\xm dioxide.
This precipitate is weighed and counted. 3oth precipltates (niobium and
zirconium) are beta counted on an interral proportional counter.

Brady and Engelkemeir(51) have developed s phosphate method for the
- determination of activity due to zlrconiu=-niobf:=: which is somewhat lengthier
' than the preceding method. Secparation of czirconluz is based upon the precipl.
tation of zirconium phosphate. The phosphate is then redissolved as the
fluoride and precipitated as the phenylarsonate wiich Ls subcequently lgnited
for counting. iliobilum 15 precipitated {n acid solutiun, dissolved as the
riuoride complex and finaily weighed andl counted as the oxide. About 10 hours
1 requirel for the entire analysis. The chexical recovery of zirconiua is
about 75%, z;nd that of niobilum is adout 5.

A rethod 1s alro described by Stmley(’c’e) for determination of

zirconiwi=95. Carrler interchange 18 effccted bty *he formation of the fluoto-

zirconate ccuplex, ?arF6°2. Rare earth a>-¢vities arc recroved by lanthanua
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fluoride scavengizg. The zirconium 1s then separated by means of threc barium
fluorozirconate precipitations. The zirconium i{s finally precipitated with
mande}ic acid from hydrochlorie aci{d solution and ignited to the dloxide, in
vhich forn 1t 1s veighed and counted., A chemical yicld of about 75% is
cttained. It is essentlal to not tegin the analysis until zirconium-97

{‘tl/2 = 17 hours) hes had time to decay to a negligivle amount. After the
final precipitate hes been obtained, counting chould begin imnediately so
that no appreciable nlobium-95 has time to grow in, A beta proportional
counter should be erployed for the counting.

3. OSuusnaiy uf Radionuclide Analyses

For the convenience of the reader, additional references, as well

ag those prev!ousty' cited, are summarized in Table XVI.
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Table XVL

Surmary of References of Radionuclide Analycesd

Element References Cited Addit;}i!~01 Referezces
1. Radlostrontium 23g: gf: ;(: 233, 1:?; :;‘ Z’{: Zg.
2. Radlocesium 23, 31, 34, 35, 29; 9, 54, 55,
36, 37 58, M, €5
3.  Radiolodine 28, 38, 39 555 Y
4. Total Radio Rare Lo, by, b2 55,
Earths

S. Radfobarium 2k, 25, b3 29

6. Radfocerium 30, %, 45, 46 29, 1h» b9, 63
7. Radforuthenium b7, 48, 49 30

8. Rediozirconium - 50, 5%, 52 n

Randioniobiunm

R oo e i a™ oo st WP s i WA s it o mt e
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3. Instm-_entltibn

Quantitative analysis of radloactive elements in trace concen-
traticzs 1s done most eomveniertly by meezs of radiation-detecting imstru-
zents.. Nue to the very small amounts Of r=ifonuclides present, such
1r.3trruments are usually superior in speed 23 scnaitivity to conventional
vet chemical analyses., Hovever, whetl corplete chemical analyses are
™ juised, 'extensive use 1s mode of wet chezical procedures for the separa-
tion of varfous isotopes, as descrited on gmges 105 - 121, Such separations
ere not required when only gross fisslon product activity is to be mea-
sired or when only one radioisotope i& prezent,

If the activity of a comple 18 £”lclently high, this activity

oy be determined directly ucing a slinple Z:stector and ratemeter. At

very low concentrations in aqueous palifples ar for beta emittexs, for vhich

- celf-absorption in the sample is a mijOor feetor, preconcentration of the

scmple and specially designed instrufients fich as a flov counter may be
required.

A survey of commerciall- avBllsile portsble rediution instruments
hus been carried out and the information ortained 1s sumarized in
Tnbles X/.. and X.X. These are all {iustroxnts of the ratemeter type
crpable of recording count rates dowh O 8 fe4 counts per minute. To
ectablish thelir usefulnecs for the delermization of fallout product
concentrations in water it 18 neccesally to correlate the sensitivity of
the equipment with different types of detceiorc and reasonable gample
volumes with the level of contaminat|h tozz4niration expected in emergencies.

For ras, untreated aqucous s9luilona, Figure 15 showa the relation

of nuclide concentration to measured doBe rate for various isotopes of
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frterecs for a reprerersatfve cc::m“'cial fustromont. It bes teen shown iz

Tebles .. =zmf L <zas o4 uou. product conc nit r=ions of the order o
-4 h.:- L '
10 7« 16 ue/nl mes ts cupected fn the unter supplics of cypleal vatorzzeds

durirg <te early pozteztisck period. Tuble '.. *aken from Lacy and
‘-‘.s.‘.."%j shoes <Ze relative detectablility of selecteld ra&iwisotcpcx' with
LUrvey oeters wita 2 lovvetescale ée-n;*it.ivit;; down 0 J.01 m'/hr assuzing
1leat counter Sitmetyy.

17 24 <2 merely de"ired to determine the procscnee or chsonce of
c€ 'f.ig. level falizr.s coecex.trat.ors, it 1s cvadent that zvailsble
Aurvey frsirmenss iozuld be capable of supplyiag ihis nformtio::, pro-

vided th’ L they zze (8sted with & Jetector head suitable either for immercion

izto the L& uie 2uple or for flow-throuzh meac:nnemauts,
Hrr.éév.fr', iz zZost cuces the concentrations n ezzured sre well
2bore Lhe ICEF meyimam p*m*sn.ble levels of concent ratioa in "a"er'°7)
cloze te the lizizs of detectebility '61‘1 the ln..t:*.m-*x:te listed in Table Xi.il.
For this reasca £& svenz necessary 1o deveiop 2nd rake \.val‘ra‘cle procedures
end facilities f3r ‘he more cecurste measurement of low-level fission product
concentvaticus @ eniLrz the aafety of avalluble sources of dricking wg.t.er.
Thic é:velopeent can foilow twe paths:

1. Frzeorecziration of the sample to Increuse the nurter of

redionctive abomr %0 £ ievel that is readily detecied by couventional

SUIVEY 1G5 MmEDRSS OF

2. IzRres:its the sensitivity cf the detectors by an Iinrcrease
in ramp.e voluze. tackgsrcind veduction by cdded ehi:lding and coincidence
circult ayrasgem=uts, o;; nore 1n°,‘.mate contect tetnwen vample &nd detector
volumeg, £3 10 propor-ional {low countery or a2 113wid seirtillstion

ceurving.

Best Availéble Copy
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Table XVII

~
Approximate Minimum Drtectable Coneentiations in Waster (uc/ml)

for Survey Meters with Full Scale Sensltivity

Fdlolzotope 0.01 mr/hr 0.1 mr/hr 1.0 rr/hr 10 mr/hr
Ru1 5 x 107¢ 5 x 107 5 x 107 5 x 1077
pa*® 1x 1077 1 x 107 5 x 107 5 x 2070
p* 5 x 10°° 1x 10 1 x 1073 1 x 107°
2% 5% 0™ 1 x 1073 1 x 1072 5 x 1977
zr7 C 1x 0™ 1 x 1073 5 x 1073 5 x 1072
3 s x 107" 1 x 1073 1 x 1072 5 x 1077
KaZ" 1 x 107 1 x 107 1 x 1073 1 x 107
K2 5 x 107 5 x 107 5 x 107 5 x 1073
scé 1 x 1073 5 x 1073 5 x 1072 1 x 107t
crot 5 x 107 1 x 1073 1 x 107 5 % 102
co™® 1 x 1073 5 x 1073 5 x 1072 1 x 107}
sr® 1 x 107 1 x 107 5 x 107 5 x 1073
At 1 x 107 1 x 207 5 x 107 5 x 1073
ce37 1 x 1073 5 x 1073 5 x 10°2 1 x 107t

Values cxtrapolanted from lacy, W. J. anl Mahn, B., "Survcy Meters

end Electrostopes for Monitoring Ridiocctivity in Water,” J.A.W.M.A.,
L6, 59 (1954) —
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Preconcentration Mzthods

Many pethnds wl prevouceataativn have disadvantages which limit
thelr use in an erecrgency. Concentraticn by evaporation, for example,
requires a great degl of cere and skill %o ¢ilaiu reasorably accurate
results. The uce of fon exchange resins to resove the activity from the
sumple can glve very good rcproduceability and In come applications can
te almost complciely antowmated. PEmrons and Lauderdale(éa) have developed
a continuous vater monitor which employs a longz G.M. tube at the center of
u column of cation exchange resin. By employing two columns, one may be
used vhile thc other 1s belng regenerated with strong acid. With this
system sensitivities of around 1077 pe/ml have been obtalned.

The mixed resin bed is potentially cspable of sensitivities in

the 1077 - 1078

uc/mL range vhen used with lov background counters.
Although the mensurement of yadioactivity on resin presents problems of
self ehsorption in the sample, reasonuble efficlencies and rcproduccabilities
can be obtainecd if sufficlent care {s taken in samrle preparation.

One method which may be employed to overcome eelf-absorption
in the recin io to detect the beta particles with a scintillation resin.
Little work has been done on scintillation resins, but when techniques
are developed this should become a very valuable tool in contamination
evalustion work.

A highly accurete way in which the radiolsotope coatent of water
can be detemmincd is by redlochemical analysis. By chemically scparating
the varfous clements of interest ond then measuring the uctivity of cach

congtitucnt, the nctlvity corcentration as well as the identity of the

radio contaminunts ay be obiaired. jhis type of analysis requires a
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skilled radiochemist and such an individual mey be difrteult to £ind fn
cmergencies. Solvent extraction methods have also beeit used, but at
present & method {nvolving a mixed-bed ion-exchange reefn 6Cems to offer
the simplest practical approach(69’.

Detector Development

Improvement in detector sensitivity can ﬁe uelleved by a suitable
cholce of detector characteristics, detector gcometry, and clectronie
circult parameters. In order to mcasure the contamfualipn level of vater
cupplies the radiation emitted from the water scample must bte determined
as cfflciently and as eccurately as possible. Because uf the statistical
nature of the radlation emiss{on, higher accuraciec cati be obtatned only
by increasing the total number of counts regiutered by the detector,
while at the same time keeping background counts to a mipimum. Fo¥ this
rcacon, at low levels of activity individual counting gireults or scalers
are cuperior to integrating counting circuits such as fm.grm_‘tera.

If the radioactivity is composed largcly of u.{.ri particles, a
mnjor problem {n measuring bets activity in vater is the short distance vhich
a betn particle can travel in this dense medium, It isy fherefore, desirable
to bring ns large a volume of water as possible iato tht {mrediate proximity
of the detector.

One of the most convenleut monitors for this pilTPose is the flovw-
through type vhich allows the water to come in contact Jith the detector for
s bricl period and then be flushed out. The mogt common si:tector used in
flow-through monitors is the G.M, tu‘oe(7°). VYnrious coi! lgirations cf the

G.M. monitor type have been used to check coollng water kiTlwmnt et sany

of the water-cooled reactors in the country.




Lately, the geometrical flexibility of plastic scintilletors
has imoereased the volume of water which can be brought close to the active
volume of the detcctorf There are presently on the market, water monitors
which use large, cpherical seintillators capable of measuring activizies in
the range of 10°7 uC/ml(73)- Arother method +which displays much of the
geometrical edvantage of liquid scintillation but has none of the chemical
problems is the use of scintillation fibers(Té). Although this mcthod
has been used for the most part to reasure Clu and tritium in water, 1t
should yfeld good results with flssion products and extend direct monitoring
capabilities below the 10'8 uc/ml rarge.

Ltguid scintillation technigues have yielded very accurate results,
high efficiencies and good sensitivity in the determination of radioactivity
in water. Tnis method may prove quite valuadble in the hands of an cxperienced
radiochemist.

The limiting factor in the sensitivity of.; detection device

1s the background or '

"zero activity” rccponse of the deviee. Both electrical
and physical spproaches have been pursued in the reduction of this background.
Physical methods include the chiclding of dectectors and the reduction of
detector sensitivity to the gorma radiastion which can penetrate the chielding.
Since the cross cection of plastic scintillators is quite high for beta
radiation while being fairly low for gamma radiation, very thin ccintillation
discs have been used to produce good teta detection effleiences with a
background of lesc than one half count per minwce for a one inch diameter
sarple

The electrical rethod of reiucing tackground involves a chlelding

detector and anti-coinciderce cireuits. The <eitection device s thus rade
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{neensitive L0 zost of the bvackground radiation which enters the detector.
#ost ol tie aznti-coincidence detectors precently on the rarket reduce the
appareat tacxground to a renge af 0.5 to 2 counts per minute.

Tr2 only reliasble method pmcently epplicable to civil dcfense
use for ceaswuring the axount of spceilic icotopes in water is grma-cnergy
analysis. Most gemms analyzers are lurge ernd quite complicated to operute,
although so=2 that are portable ard casy to ucc arc rod appearing cn the
(%)

market. #¥ith a small amount of training civil defensc perconnel chould

be able to =2xe good use of these instruments.
Summary

Freparation for the post ettack ronitoring of drinking water
supplies rfor radioactive contaminanis, may now be divided into four arcas
of required &ction. These include the instellation of continuous moritoring
equipment a: “reetment plants, disse=ination of information on the use of
available instruments for water activi'.i:/, insuring the availability of
tattery-po~ered equipment designed for water or general liquid radioactivity
assay, and coatinuing the research oan equipment capable of meeting emergency
requirerents.

A large number of water trcatzment plants would probably ctill be
operatioual after a nuclear attack. Tre danger of contamination from
fallout would require that the water tc continuously monitored for contaminae
tion even a~ levels well btelow the —oxizmum permissible levels. 1In this woy
alternative water sources could te located or decontamination procedures
could be tro.ght into operatlon as 3005 as the pos:iblaity arlses that
existing <a-er supplies become unfit “or consumption., It would be desirable
for thils per—azent equipment to te atle to determine the rclative concentra-

tions of <xe wvarious radiocontaninants.

S AT AP et Tan AR XAV AL A DETE R A R SO R BSOS S RN R QA RO O R NS
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Many commercial instrumente «“hich detect nuclear radiations can
be set up to measure the amount of radioactivity in water to a degree of
accurecy suitable for emergency ure. This messurement vould require a
given procedure and a cet of convelslon tables for each type of instrument
or class of instruments,

Of the widely available instrumenis, the most common type, the
G.M. survey meter, can be adepted for emergency uce by either dipping the
probe 1into the water or holding thic probe close to the vater surface, to
measure radio-contamination levels dowm to 1072 ue/ml of some of the
{sotopes. Some scintillation meterd cen reduce this lower limit below
].0.6 we/ml with the absolute limit depending on background radiatlion.

Most fon chamber sursey mcters aiw nhot as sensitive as the G.M. or secintil.
lation types, although vome of the more sensitive ones might be used vhen
no other equipment s available.

Companiéo markcting nuclear detection equipment were asgked to
supply detalled specificntions on thelr survey-type inctruments. A
summary of information rcceived Ly Jenuary 30, 1963 is given in Table XV I.
The instruments are listcd in order of decrcasing sensitivity (m*nimum
full scale rcadings).

Pertinent gpccifications In the table include the maxlieum full
seale range, bdattery life, type of judiation detected, type of detector
used, welght, the manufacturer's nicl number, and unit cost of the
fnstrument. The atility of an instiument to diseriminate between varlous
types of radiation 1c alio incluird, as well as the type of radiation to

which & given instrument {u censitlve, 15 indicated by an "X" in the

appropriatc column. If an "0" eppedrc under the indicated type of radiation
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it sioply wmeans that it can be shielded out by & movible absorber. In the
event an instrument mey te powercd by standard 'D" eells, the nusber of
batterles required i3 fnidleated. Instruments which arc specified to be

moisture proof or Irmercion proof are indicated to te "zcather proof” by

~an "X" in the appropritte colurn. It 1s belicved that the nbove cited

charrcteristics are the most important to e concidered in celecting an
instrument for surveying &ni rmeesuring water gsupplicz and for other genersl

uses., Tne manufacturer of cach instrument may be determined by referring

to the "Commerciel Source™ column in the teble and then to the company

number listed in Tadbie XIX.

Teble XIX

Fqui prent Manufacturers

1. Atomic Accessories, Inc.
811 W. Merrick Roed
Valley Stream, New York

2. Balrd Atomic, Imc.
33 University Road
Cazbridge 38, Mass.

3. Eberline Instrument Corp.
P. 0. 2ox 279
Santa Fe, Now Mexico

L. Victoreen Instrument Co.
5806 Hcugh Avchue
Cleveland, Chio

5. Lionel/Anton Electronic Laboratorics
1226 Plushing Avenue
trooklyn 37, llew York

6. MNucironle Corporntion of Arerica
19¢ Degraw Street.
Brooklvn 31, New York

7. Redtation Counter Latoratories, Inc,
5121 W. Gruve Street
Skokie, Illinols

8. Radiatlon Equipment and
Acceguories Corp,
€€5S Merrick Road
Lyrnbrovk, Hew York

G. Tuchnical Accoclates
140 W, Providcncia Avenue
Burbank, Califoralae

10. Tracerladb
1601 Trapclo Rond
Walthem 54, Massachusetto

11. lNuclear-Chicuge Corporation
323 Fast Howard Avcaue
Dcs Piaincs, Illinods

12, Franklin Systend
2738 Hillzvoro Road
Wess Pouim Bench, Floride

12, Uluclcar Corporation of Amcricn
Tachreee-nt and Control Dlvision
: Richwood Place
Denville, lew jersey
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Using the information 1= Flgure 15 to corvert the {nstrument
rensitivitiez in Tatle XVIII into ~quivalent concentretion values, fatle XVil
has been compiled to chow the corrcentrations of typical fcotopes which can
Just be detected with instreentc of the sen-:.iti..vitico statcd(c(‘). it muct
be Yorne in mind that the doce ealitration in mr/hr ror mosi instraments
1o dore witu AR cotalt oy radlum ground rource, end that the dore extrapolns
tlon to other isotopcs and exnerg/ rangec will not te the same for Jifferent
dc-tectora,

It 1s evident from tke foregoing diccursion that there wppesr to
be £lcquate cownrefal instrusernt: on the market which cen te adupted to
give 2 relisble indication of high-lcvel contamiraticn of water supplies.
The 2itmy of ‘rotopic contamirztion and the accurate detemination of cafe
concentrationc of raiiolcotopes ia water by flcld instramentc wndcr cmergensy
corditions, hovever, docy rejulre Zome further recnarch ond development

vork. Such cquipmcnt wi1) have %5 be made avajlable {n sufficient quantity

for extenclve vater analyres ac 1590 after an attack as poscitle.
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VIII. DECONTAMINATION OF WATER SUPPLIES

As diccunsed in Quarterly Technical Report #3 (see Appendix A)
rediologically ecntamfnated waters have been subjected to decontamination
procedures of toth conventional and mon-conventional nature. Of the six
radiolicotopes of blological {mportance, all have been found to be amenible
to removal to sore degree, The degree of treatment required hag dbeen

predicted i{n previous reports, predicated by the Maximum Permissible

Concentration for peacetime cousumption of water or exposure over a con-

siderable period of time, These requirements are very unrealistic vhen
considered {n the light of the occurence of a nuclear incident. The
removal efficlencies for the most part have teen derived from laboratory
data on small volures of wgter'tmated under rigidly controlled conditions.
Oof practical importance, only thoé; data obtalned by actual treatment plant
operation ere to be considersd reliable on & major scale. Even in this
respect, 1t must be pointed out that these data were derived from analysis
of water supplies which had been contaminated by long-range weapon debris.
It has been diccussed elsewhere in this report that the long-range fallout
1s more soluble than short-range or early fallout, It is for this reason
that we may expect full-.scaie operations to be more efficient in radio-
{sotope removal of carly fallout, than the presently rcported efficlencles.
It appears that vater decontamination in the carly phases of a
nuclear incident aftermath are not beyond the realm of practical application
of the basic sanitary engineering principles of water trcatment. The major
problem irvolved {n vnter decontamination will te the long-term exposure of

the surviving population to concentrations of the long-halllived icotopes
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of tiologiesl importance. The .reductlon of these contaminnnts to duaireable

levels vill constitute the primary long-tcrm problem to the water tivAtuunt

field, but is by no means an insurmountable task.

7
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X. C7 3URDE FRQM CORTAMINATED WATER

In the analysis of body burden from continued ingestion of water
coutaminated with radiosctivity regsulting from nuclear attack, it has been
found that the developrernt of s rational formula {s desirable., A formula
has becn developed in th!s report which glves values of body burden come
paring clocely with those obtained by empirical means.

Many of the ezpirical values used 1n this analysis were derived
rrom animal ctudles, and ray or may not bte applicable to man pcr se;
however, the vnlues obtained by formulas developed in this report are in
good general agreemert with data collected from experiments with man.

Data from man has been used wherever possible; unfortunately cxperiments
with man are not sufficiently comprchensive to serve as the entire basis
of an analysise.

The rclation of body burden to meny of the radioleotopes found
in fallout it not easily understood for short periods of time, that 1is,
when the study period is a very small fraction of the physicaol half-life
of the rudioisotope. In this report, in addition to study of the immcdiate
effects, seversl cases are analyzed for periods of time im excess of fifty
years, (Pigurcs 18 and 20)

Humrrous studies have been made on the affinity of certain
types of tlssue for particular rediolsotopes. These selectivity studies
are of special interest to anyone who wiches to set up tucorctical values
which may not be exceeded vithout permanent dnmage, that 1s, cuch valucs
a8 "Maximum Permissible Concentration," "emergency limits,” ctec. Although
it 18 not within the scope of this report to dctermine cuch values, it is

of interest to note that allosnble body burden is the total concentration

of & giveun {sotope allo-ed {n the most critical organ. The most critical
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organ is that organ which recelves its damaging dose first during the chatn
of blological processes. |

The phenocenon involved in the rate of tummover of varfous icotopes
by a particular orgen 1is of interest since this rate may be equal to,
greater than, or less that the rate for the entire boc\y.”s) A sanple plot
of the critical organ An veysus physical half-life is shown {n Figure 1l6.

Both biological und physical decay rates are considered in this
rcport. 1In order to demonstrate the difference in body burden levels ob-
tained by (1) ccnsidering only physical decay and (2) considering voth
rhysical and biological dccay, i.e. effcctive deeay, & values for toth
cages aJ® plotted in rigurces lo through 21 as curves B and A respectively,

An values plotted as curve A are parameters of the rate at which
the radicactivity level in the body is reduced by a combination of bodily
processes end physical decuy. These An values are therefore paramcters of
the effective decay rates of thc various rndioisotopes. The amount of any

radiolsotope which passes through the body must further be related to the
amount retained by the critical organ. This relation 1s represented Ly an

1" value vhich gives the amount of a radioisotope taken up by the organ
critical for that isotope,

In the intcrest of gcnerality we have developed a method of compue

tation (using A, values) rather than a list of specific figures for o limited

number of cases.

llo attempt has been made to evaluate cell damage resulting from
various levels of body burdens. It ic obvious that the greater the Lody
burden the oore extensive ig the rndiation darage. Examples are cited !n
this report of some of the bilological bdlocking processes wvhich may bo

applied to effcctively reduce the body burden. These Aﬂ valucs will give
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the highest bunden rezulting ohly from drinking contaminased vater while
eating & normal uncontcnioated diet and breusthing uncontaninated air.

Yith on easily derived ccaling Pactor, howcver, these same graphs may e
applied to ingested golids. I’x“ yalues may be obtained citker from formulas
to be derived later {n this sewution or from the graphs in Figures 16
through 21. The grep.s are cas]ér tO use and are included os an aid to
computation.

No limitations of phskical death or carly genetic death of the
individual under study have Le£fh placed on the datu shown here, since
both these limitations require n analysis of damage. We cannot overlook
the possibility that at certaih levels of contamination or consumption
physical or geaetic death will Bimit the continuity of our data, as will
any departure from the size and e¢e Oof a standard man,

Establishment of a Criteris

(a) The data to be presented chould be in the most useful and
general form applicable to the gubject matter,

(b) Analycis of damui® that may occur at the various levels of
body burden is not to ke attemptcd; hosever, comment regarding damage in
general will be incorporated Lo glve depth to the conclusions.

(c) The development of o rational rethod for eveluating the body
burden is to be outli{ned and ¢sjlained. The correlation of the values
obtained by the use of this me-tji>] and those ottaired by ezpirical means
will be discussed.

(3) Assump.ions shoshd be 88 fev and as reasonable as possible
in order to maintain the integrity of the data to be presented. .

(e) All vajues used for the various celculations shall de

1oritative information avalilable.

those derived from the most au
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Assusptions

{a) The biological decay rate used is that of a standard man,
3irce the age and overall metatolism of the individual will affect the
surnover acd replacement rate of radioactive materials in the body, and
trerefore the tiological decty rate, it is necessary to cstandsrdize these
Favazeters for the present study.

{b) The contamination of an individual's water supply takes
place all at one time, and no further contamination occurs. The analysis
of & fluctuating contamination level would require that we asswne rates
of fallout, wicd direction and numerovs other meteorological conditions.,

In order to retain the generality of our investigation we have taken
& cace in which weather and attack data were not opplicarle. An curves
=ay ke added to each other if nevrcontamination occurs (possibly from
fallout rrom & different burst or fallout return from wind reversal),

{c) The radicactive contaminction of the water supply is reduced
only by physical decay. This assumption 13 congervative in natare, since
i1t disregards entirely the amount ot activity which might cettle out or
te consuzed by life forms found in the water supply, ¢.g. plankton, algae,
2ish.

() Effective decay rates, even if cxtrapolated from animal
data, are applicsble to man. In the absence of experimental data on man,
the animal data used was tle best available. 1¢ may be of interest to note
+hct many contecporary investigators are not snticfied with many of the
extrapolations of arimal body burden data that have herciofore been acecepted
as correct, or at least uscable, for the casc of hurans.

(e) Tne daily intake of water is constant and takes place

tnstantazecusly., vVirtually all of an individual's water intake occurs
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in sixteen hours, and over half occurs in eight houre; however, the errors
associated with this aimplification tend to be compensating 1f the individual'e
drinking hanits are consistent. Por reasons of generality ve are farced to
congider that the man under study is a creatulé of habit. By draving a

smooth curve through the doily A polats ve have cosentially integrated

over the time periods hetveen the daily valueeé 8nd have described a contin-
uous function as if the individual had spreac lils intake over the eutire

day. The cormbination of the two effects results in a close approximation

of the actual dbuild-up of body burden.

Development of a Rational Method of Analysis uf Body Burden for Continuous

Consumption of Water Ccntaminated with Radloaitlve Elements

Based on the Geiger-Nutall Lav of radioactive decay we may say that the
amount of activity present at any time is equal to
“A_t

y

A s Ae
Q

vhen only physical decay is considercd. xp is the physical decay constant ]
for a particular radioactive element, and A, {8 the amount of activity
initialily present.,

Purthermore, if only blological dec¢ay i@ considered ve may say

where N 15 the biological rate of elimination constant.

If ve define "Effective Half Life" ef the time rcquired for a

radioactive element fixed in the tissoues of ai 4nimal body to be diminished

by fifty per cent as a result of the combined «#ttion of radioactive decay

: LN . A Bl A 'a-nrr\r:cx;tmu: VS TR Y Y TY VIV A b U L [ ]
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and biologlcal elimination, then we may say that the effective half-life
“(76)

Biolozical half.life x Redloactive half-life « T
Blologleal halr-life + Radfoactive half-life eff

An effective decay constant (Ke!‘f) may be dcfined:(76)

A -
eff Teff

~

Let us assume initialLy that for any activity taken into the
body the cntire amount will be fixed in t'ssue. It is then apparent that
immcdiately before initiation of consunption of contaminated water, the Lody
burden is ¢qual to vhatever radloactivity is precent as & result of pre- .
vious activity. For the development of our ergument we shall take this
initial Lody burden to be zero and correct it in later developments for
the case of initial vody burden not equnl zerog.

The folloving reaconing may then by opplicd:

(1) Just before initiation of consumption activity fm the body
cquals zero.

(2) Immcdiately following the start of consumption the activity
in the body egquals Ay» that 13, the activity per unit volume of the water
(ue/ml, ntomo/gal, cte.) times the volure of water consumed. Since we
have assumed that the amount of 1iquid is constant we may drop the volume
term and ivincorporate it later in the development. Furthermore, by
conatdering A equal to unity wve will develop an cquntlon which when
multiplicd by the netual {nitlal activity will glve activity precent at
any given dny n.o We wish to ¢evelop n plot which {5 f{ndependent of both

apount colvumed and initial activity, snd is dependent only on the rodio-

{rotope in question.

e — .
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(3) Immedlately prior to consimpsion on the gevond day the body

burden wvould be

e OfL
[_24
Al = Aoe

and just after consumption the body burdes {3

Aerr(l) (1)

.
Al - Aoe » Aqe

(L) Just before consumption oz =ne third day (he body burden

would be

S SN X A L1 Al N
el eff R Age p Xe effl)

Aa - Aie = (A'oe

and immediately following ingestion, the expression for Unly burden may

dbe written

Al A1 A 1 S VIR S G §
A2' - (Aoa p e P oo (Aoe el L ae Po eft

(5) Continuing this reasoning, & recursion fuiwmla is developed

of the forn

-rh_ .l (R8N A
A, = A le et | o (5-Llhepp * pu

-x -n\_1

+ (m1dn 1] -n\
e - -4+ 8 P

1
eflf ve P ) 2 Aoﬂ

Hovever, rather than deal with the (n + 1) terms nccesghty 'O evaluate

this equation at n days we simplify the eyintton as followd

Bt . B
Ay = AP (T";")

A (1)
where b = Ro [1 eff and P e Ao e

:\P(l)
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(€) This generel expreseion for A 15 the valie plotted as

curve A in Figures 16 through 21,

(7) We may now incorporste into our formula the portions of total
vody burden which have thus far teen neglected.
(a) Since we have conctdered A, to be unlty, we may find
the total Vvody Lurden by multiplyirng An by the true original activity,

Ay true’ and the volume consuzed dafly, D.

atoas atoms liters
Therefore Body BurdcnI (W) - Ao true (m) ( day )

A (d.'\yr, of consumgtlon)
" a bady

(b) The assunption that all the activity taken into the
body is immedlately incorporated into the intestine 1s highly improbable.
We may however, consider the amount incorporated into tissue as a fraction
of the ingestcd activity reaching an organ (t‘v) and multiply the body

burden of (a) above by fv to obtain a more reasonable value.

ThuaBodyBurc'!enII . fv x Ao true x D x An

Some values of rv for isotopes und:r consideration are given in Table
(c) While reducing tke becdy burden by the foctor f,, ve have
neglected the activity, AGI’ which 15 precent in the intestinal tract

on dey n. This activity is an addition to the body burden, therefore:

Boly BurdenIn - t‘v x Ao true X D x An + AGI

where by the rcasoning wnd definitions previously expressed

-z_(n-0.25) -1.25
Agp = (-t )A e F e )

e & m e A A s om o i AR S e B ek e S d MM AR SR RN Co o Wy g, &
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Since the time required for {ngested material to pace through the body
1s 31 hours or ebout 1.25 days, the %I tem i{s strictly transitory.
It may or may not be negligible depending on the period in vhich {t takes
place. On the first day, for example, it would be tlie largest pertion of
the total, but by the time the fractional half 1lifn (n/Ti) is equal to
one, the AGI tem may in some cases Le considered ncgligible. (n equals
time in days since beginning of consumption and Tﬁ eguals radioactive
physical half-life in days.)

(4) The only term still missing from the mathematical expression
is that for the activity present in the body at thc Lime drinking of
contaminated water started (l\‘). That vhich vas alrendy present in the

tissue at time of initial ingestion vill, after n duyo of effective decay,
equal

A’l‘ - *x‘ 'xettn

That present in the gastro-intestinal. tract at the time of initial ingestion

will give an additional activity equal to

Horr

Ax = I, X Auo
where Ao is the pre-ingestion activity in the intestinal tract.

(8) After comdbining the various componentt, the expression

for budy burden from any particular radioicotope at dny n may be written:

.xp(n-l.as))(a-l.ﬁ\b) .

Body Burden = (£,)(A, ,_ ND)(A)) + (1-r,)(A

23N
(AI‘rvAO). ere’ ® (fv)(ko true)(D)(An) * AGI ¢ A’t * AX

e
o true
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The full cxplanation of this development hae been presented in
order to allow the ucer of the quations to decide which, Iif any, terms
may be neglected for any specifie analysis. Should the individual _u;
question be an average U. 8. citizen vho has sought shelter during an attack,

tre texm

R T A

wi{ll for practical purposes cqual zero. As previously noted, the value
of AGI will generlly be negligible after a relatively chort period of
congumption. If the (A,r + &) and AGI terms are dropped, the practical
expression for body bdurden is (tv)(ko tm)(n)“n)' The A,; tem, hovever,
ray be of major lrportance when the physica] half-life 1o much greater
than the effective half-life, '

It muol alco be streoced that to cvaluate the cffcet of AGI’
A’l‘ and AX on any inlividual that {ndividual's history of cxposure to
radiation must bu knoWn, It is only by thorough knovledge of the develope
ment of this rationdl method that onc may make a rcasonable calculation of
body burden. ‘

Reduction of Body linrden by Blocking

It has Levn found that in certain cascs uptake of radiolicotopes
may be reduced by vlological blocking., FPor example, by ndministering a
- suluble, non-toxic, lnert compowd of iodine one can prevent uptake of
radioactive iodino bty the tiyrold, Ten to one hundred milligrams of
potessium iodide Lnken at one time will prevent the uptake of any more
iodine, radioactive vr otherwise, by the thyroid for atout one wcek., To
continue thise cffect, 1t {8 belicved that an additional /.00 milligrans cveory

tvo days would be a\-quired.(”) Blocking lovers the volua of !‘v in body
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burden celculations.

Io the case of Strontium 89 and Strontium 3, vhich behave like
caleius, it is believed that blocking may be completely or partiully
accozplished by consuming a calcium compound far {n excess of normal
requirezents. This 18, hovever, a conclusion made oz the basis of extrapo-
lated data; the only case in which it has definitely %eecn proved that blocking
is effective 1s that of 1odine.

Should the body be initially deficient in a given stable 1sotope
(possibly from deficiency of a common mincral in the pre-ingestion diet)
the value of ¢ v for the redioactive isotopw of that mireral or a chemically
aimilar mineral may be increaged because of the increzsed arfinity of the
body for that minersl.

Blocking should not be considered a panacea to the problem of
body burden, since it may result in the cure being worie than “.he disease.
In the Lodine example, for instance, the prescribed zaounts of potassium
1odide constitute a daily input of ifodine into the blaud one thousand
times noxmal, Although it is believed that for the mjority of the U. 8.
population this treatment would not be hamful for t-2 to three veeks,
the secretion rate of the thyroid (s decressed. Extezled treatment will
produce other still more harmful side effects vhich m7e not yet becn
fully evaluated. Blocking, however, may play an {mpor-ant Irole in com-
puting body turden valuco and should not be overlooked when selccting
£, values.

Discussion
(1) In Figures 16 through 21, curve A gives the value resulting

frou the effective decay rate. Cwve B, included for pirpoces of comparioon,

represente the rate at which physical decay alone toress place. It scems to
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point out that tecause of the body's tendezey to eliminate certain radio-
jentopes, or not to incorporate them into <izsue at all, body burdens are
significantly lowered.

(2) T.ble XXTV gives a few selected values of £, for six
radioisotopes and various organs. These are velues vhich result from a
' normal uncontaminated diet, Values of fv =Ay vary from this table according
to the excess or deficlency of certain nirerzls in the body. Note that the

concentretion of cpecific isotopes must te kno.m tefore tody buidens can

be coaputed.,
Toble XX
Selected Values of fw for Verious Organs
Isotope Organ fv
8:09  Bone 2.5 x 107}
80 Bone 2.5 x 107}
Rul00 Kidney 2.0 x 1077
3 Thyroid 2.0 x 107t
37 Whole Body 1.0 x 10°
cetd7 Liver 5.8 x 10°F
leuo Doae 7.0 x 10°2
HNotes:

(1) 'The f, values shown are for <ritical organs. The critical
organ will detemmine the An since 1t 48 the one used in computing ke“..
(2) The £, value for the entire tody is the rumnation of f

values for all the individual organs concerred.
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XI. GLOSSARY

enpirical constant for sublimation or vaporization reaction
rediocactivity after some pericd of decay

radioactivity alreedy present in the intestinal tract at time
of ingestion of contaminated water

radioactivity precent in the intestinal tract at soce time arter
ingrstion of contaminated water

radicactivity already incorporated into body tissue at time of
ingestion of contaminated water ’

a parameter of the effective decay rate i{n the body of a glven
isotope

initial rodioactivity per unit volume of contaninated water
taken into the body

(o £ Nk)
by

[—=] A
l012 [

radioactivity present in body tissue reuultin§ from decay of

that activity initially present in tissue (AI alter some time
of effective decay

activity at time ¢

activity, in disintegrations per second, of the radionuclide
in & target, aftcr the nuclide has been removed from the flux
for a period 0;

radfoactivity incorporated into tissue from that activity originally
present in the intestinal tract (AO)

cloud horizontal semi.axis

fireball horizontal semi-axis at ground zero

fireball horizontal semi-axis at 2

empirical constant for sublimation or veporlzation reaction
ratio of fission to total yield

radioantivity {ncorporanted into body tissues os a result of
ingestion of radiocactivity

cloud vertical semi-axis

Nga, NeTmas L AR A
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{Cont?aued)
fireball vertieal seml-sx{s at ground zero
fireball vertical sexd-szis at 2
empirical constant for »n.tlimation or vaporfzatfon reaction
instrument response faeitoy
daily water intake, volune
exposure dose
decay correct jon factor for H + 1 hour
fraction of device coctour ratio
fission-product contour ratio
thermal flux in neutror: per square centimeter per second;
fugacity of the element {n the iiquid phase
a coefficient relating “agested radioactivity to Body Burden
acceleration due to grexity
cloud center height
fallout intensity at tine ¢
air fonization vete per fission at 3 ft above an infinite
1deal plane for 8 uniferm distribution of the normal tisaion
product mixture
air ionization rate per f{ision at 3 ft above an infinite,
ideal planc for a wnifosm di{stribution of the condereed
fission produgt mixture
air ionization rete per fizoion at 3 ft above an infinite,
ideal plane for & unifows distrioution of the necutron induced

activities

relative abundance of *Ze {sotope from which the radionuclide
is forzed

arbitrary conglant
fireball horizuntal serl-axis expansion constant
fireball vertival seri-1zig expancion co}xstmt

Henry's Lav cofistant
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GLOSSARY
{Continued)
-]
X kJ/[n(i)/VJm‘
"Z inverse time constant
Mr(t) mass contour retio
My mass of fallout per unit area at any downvind distence, X
m moss
m disintegration multiplier
b § the total number of atoms of the element in the target;
Nrp number of atoms, or moles, of fission products per unit atrea
"3 mole fraction of element ) ia the liquid phase
Ng mole fraction of element J in the vapor phase
N&(A) number of atomc (of the end :cmber of tass chain and condrncecd oz
the outelde of the particle) which lard per square foot of grousd -
n nunber of moles of vapor
n(2) total moles of 1liquid ecarrier
nJ ’ abbreviation of nJA(t)
ns amount of elcement J condensed on the surface of the solid
particles
n3 amount of element J in the vapor phase
o o
n, abbreviation of nJA(t)
njA(t) nurber of moleo of element J with mass number A dissolved
in the n{f) moleo of liquid carrier, vaich is the particle
in the liquid phase, prior to solidification
nsk(t) number of molco of element J with mass aumber A, wvhich is
mixed with molcn from other mess chairs to form n moled of
vapor and not condensed in the liquid carrier
P empirical constant in particle falling velocities relation
pJ sublimation or vnporization preesure
p3 partial pressure of the liquid

P W,
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’; sublimation pressure -
Pl /Yy _
qQ empirical constant {in particle. falling velocitiea relatica
U terrain shielding factor
R molar ges constant
Rs initial fireball spherical radius
ro(A, t) fractionation number of the first period of condensation
rc')(‘A’ t) fractionation number of the second period of condensatfon
rx(t) gross fission product fractionation number
T absolute {emperature
s T half-life of the redionuclide forwed
‘ ‘ Teff time required for & radioactive element fixed in the tissue
il of an animal body to e diminished 50 per cent as a result
. of combined action of physical decay and biological elimination i
T} radioactive (physical) half-life
7 t time of irmadiation
&3 t time
; t,. time of arrival for particle falling out of the cloud
o t. time of cessation for particle falling out of the cloud
' t, particle falling time 1n the firevall
‘, ' e particle rising time in the fireball
-L‘ ' v molar volume
z ‘ "r average particle falling velocity
21
s vv vind veloeity
" vz instantaneous particle falling velocity
< ) weapon yleld in kiloton TNT units
X longitude exis in ground coordinates system
‘:f. x

longitude sxis in ¢loud coonlinates system

&
i

]
Iy
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CLOSSARY
(Cont{nued)
b 4 latituZe axis in ground coordinate systea
Y, tatal ecount of madlouuclides for the encire chain yleld of
z£33 pu=ter A
YJ(t) total nzrunt of radlonuclides of eclement § present at time t
Yg totel mu=ber of atoms of element § of all rass numlcrs
Ym caximu= Lalf-width of the cross<!nd distance on a 1 r/hr
contour ~
Y latftude axis {n cloud coordincte systea
yJA(t') amount of madionuclides of elezert ) and =ass numbel A
present at time t after fission
ygA nuzter of atoms of element J of :ass nu=ber A not vuondeased
‘ in the liquid carrier
2 altitule axis of ground coordinate systea
. Zo 7ield dependent nultiviler in firetall altftude equation
z eltitude axis in cloud coordinate systen
2. stallest {ntercept of particle falling slopc with eloud
z, largest intercept of partitle falling slope with cloud
a particle ajze paramcter
a - raximum or minimua
a, x/n |
a constant expressing the biological rate of eliminatlon of
radioactivity
x_“ a constart expressing the rate of attenustion of radioactivity
€ in the tody as a8 rcsult of both phyrsical deesy and I'lologlcal
elinination
: A disintegration constant; the fracslon of the number of atoms
P of a radfoactive nuclide which deccay ia unit time
: g activation cross cection in square centizsters for 00 m/sec

neutrons

] tize of decay
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Ee¢zarpts £rom Qu.rtorly Tecenical Ropert #2

F. Preliimiwsiry Evaluation of Moter Supply Contaminnticr. for Selected Clties

| l. Trtrcducrion

Ir. order to hzve some tasis fer evaluating the relative hazard of
nuclear fuilout %o the weter supplics of dAiiferent cities, cttecks Lave oeen
) . asoumzd on cach city thet would result ia the seme iplencity over each
watershel involsed.

Prom this, the coavawinztion of the water due to the suluble portioa

of *the Tallout hes been caleuvluted for H + 1 hour. Simplifving assumptlons

s 18X

were mede in cegerd 10 an ecverage intinsity over the specific wiatcrsheds and
€5 to the time factors involved., Thece ssuumptions were mede to provide a
basie for the cnlaulntions of the activity concentrstione showrk in Table 1V,
Theze values are chowvn priccipally to dA-monstrate the approuch bteing taken
3nd to give 2a 1d:a 5f the maximum contaminution that could be cxpected
immediately followiag a nuclear emersency.

‘the zpproach to te taken in future rtudy will be more specific,
Factors th-t will be taken into sccount to give comevhat more reasonable
values, Vlll.bﬂi ‘1) 2 realistic superimpozitton of lIntensity contours upon
the speeific wﬁtereheds vith regard Lo geatoral wind directions ard terget

3ites, (2) conslderatica of decay factors o glic caprcted activity ot times

b

Yater than 't + 1 hoor, 13) convidersilon of vatur-had characteristics such

A3 r.onaff costficlent, fecd-ctream voloclities, recesvolr draft, transport
phenemens, ond recervoir mizlng propustivs, +L) antegratisn of {atensity
contoure to give wm more precire vaive for spocifie !sctopic activities 6;

whe vatersned 24 (5) & conversion of ictenslty to rctivity Tor siter off the
doenvind axia erploying A Knowr relat:ionship to ‘re predetermined velues

dlrclly doanwicd,
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Activity Tontentrations fa Water ¢ Sclceted Trotopes
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By employing the nforementioned characteristics and varlables, ic 1s
believed thut activity conuslitrations will te recached that would approach a
realistic case.

2. Cnlculation of Activity Corcentmtion

The calculation of concentration of activity used in the preliminary
study 18 baced upon o conslderation of the arva of the water surface, the volume
of water, and the total wateished arca. Iu the case of Puluth, Minnesota, where
the entire municipal water s'1ppl 1t obtained from Lake Superior, only the depth
of the lake a. ‘i intake pint was concidered.

Current informetiun on the charncteristics of the watercheds was obtained
in each cace from officlals Af the munlcipal water supply system involved or
their engincering consultan's, Dota used in this report is tabulaced in Table VI,
TABLE VI

Charocteristics ot Watershids Serving Sclected Cities

Total nterched Total Water Total Water
City Arca '_'t-a Surface (ft.al Volume (liters)
10
Denver, Cole, 8.29 % 10 h,36 r 108 2.34 x 10tt
10 8 1L
Houston, Tex. 7.80 x W 7.85 x 10 2.50 x 10
10
New Yor’, N. Y. K.zh x 10 1.37 x 107 1.90 x 10*2
Springfield, Mass.  1.30 A 10’ 1.68 x 107 1.97 x 10%°

As an example of tlw proceduro uced, the derlvationc of the concentrae
tions in thc Denver, Colosait vater oupply prior to eny municipal treatment are
presented here in detail. % other citics 1isted in Tuble TV vere analyzed in
the same manrer as Denver, =4uvpt for Duluth vhich 13 prescnted scparately.
fenves Case T

I case I, only *)ut rmdicactive fallout deposited directly on water

gurfaces vas cousidered sz 'hv gcource of ‘he wvater contaxsination. The folloving

asouzptious were rade priyr !» the talculation.
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1., S Mr bomb attack.

2, 'Wind speed of 1Y mph.

3, .4 intensity of 5,500 r/hr over tte entire waterched.

%, Complete homogeneour solution of the soluble portion of the fallout in the
w“oater within one hour.

%, A ratio of soluble radiocactive atoms per squarc fool to intensity was

chosen as that value for each isotope at S1.5 miles directly downvwind.

That there w'll be no change in concentration of radioactivity cither due

to reservolir draft or feed-in.

‘{+ That only Sr-89, Sr-90, Ru-106, 1-131, Cs-137, and Ba-140 vould be considcred.

f, That th: volume and area of feed strcacs will not affect the finnl concentra-
tion appreciably.

The coluble activity density, for each of the six !sotopcs beipg con-

gldered, in atoms/f‘te was calculated as follows:

Given: 1(1) = 5,500 x/hr,

L ]

N, (89)

b 0, 2
<o * 6.17 x 10™" atoms/ft /r/hr,
K, (90)

2
ST C 1.1 x 1010 atome/ft /r/hr,

L ]

N, (106) 10 2 / ,
T - L.87 % 10" atoms/ft"/r/hr,
X, (137)

AN 10 , 2/
—ﬂ-i)-—b 2 10.7 x 10 utor:.;/ft r/hr,
N, (137)

L 10 ) i/
o 9.16 x 10" atoms/ft"/r/ne, and

»

N (1’40) 1

A 0t 10k0 2

T - 12.% x 10" etoms/ft /r/hr,

fviwr' the subseript 4 {s the value of thc particle size parameter, Q, corregcpondir g




to the dowvnward dictence.

. By multiplying 5,500 r/hr by N,:(A)/t(l) for 2ach isotope, the total
number of soluble atoms of each isotope per sjuare toot, H,:(A), vill be obtained.
This value for each isotope was found to be ns follows:

N,(A) = ﬂl_‘(‘;; 1(1)
1

N;(39) = 3.0 x 10”‘ atom:&/f“'2

— (%) = 6.20 x 10! ntons/et?
N,(106) o 2.68 x 10" wtoms/rt?

- M(131) = 5.89 x 102 ntoms/re?

) | N(137) « 5.05 x 10" atone/re?

4

N:(lho) - 6.8 x 10" utoms/rt?

- of vater surface will give the total number of atoms, N(A), of each isotope in

soluble form, deposited in the wvater.

i
Multiplying the N:(A) value for cach of the 1soiopes by the total area i
N,(A) x Area = Hi(A) atons |
|
|
i

N(89) = 3.40 x 101" x W36 % l08 = 14.8 x 1022 atoms
N(90) o 6.10 x 10 x 1,36 x 10® = 26.6 x 16%? atonms
N(106) = 2.68 x 10 x 4,36 x 10® « 11.7 x 10% atoms
N(131) « 5.89 x loll' 2 h,36 x 108 e 25.7x 1022 atoms
N(137) = 5.05 x 101" x h,36 x 108 s 22.0x 1022 atoms i
N(lboi o 6.82 x 10™ x 4,36 x 18 . 29.7 x 10°% atoms 5

Thus knoving the total nurber of suluble atums uf cach isotope; division by
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the total veter volume, ¥, in Xfters wilY give the concontration of each 1sotope
in atoms per liter.

»
CA -ll!Az atous

Vo Iiter ¢
C‘ o 1%.8 x 1_022 » 6,33 x 1on' atoms/liter
89 2.3 x 101t
* 26.6 x 102« 11.4 x 20! atoms/1iter
C ] ——-—H M
b 2.3% x 10
* 11.7 x 102 » 4.99 x 10'  atons/iter
o6 * oy TP
2.3% x 10
) 22
0131 . 23 x10° 11.0 x 101! atoxs/1iter
2.34 x 10
* 22.0 x 10°° 9.40 x 104 atoms/liter
©y37 * T
! 2.3 x 10

c'ho . 29.7x10% 12,7 x 10t atoms/11ter
1 2.3% x 10

We may now convert the activity in atoms/liter to microcuries/milliliter
(ue/m1) by using an sppropriate conversion factor for ench isotope.

Firat, to change from atoms/liter to disintegrations per minute per liter,
g_? » the following relationshly is used,

»
On - QAK (22)

Where: Cn w Concantration of activity in dpq/ 4

%
€, = Coucentration of activity in atoms/4, and

N e Characteristic tlze constant defined by the equation

v .

1/2
Where: Tl/a e physical half-life of the specifiv isotope in minytes.
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12
Sirce siere ere 2,22 x 10 dpm/curie, a constent for ull 1cotopes,
. division of C_ Xy this valur vill glve the concentration in curics/liter.
C CAX

C - 2 =
c 1.
2.22 x 10 2.22 x 10

12

where Cc i.s +hz concentration of radicactivity in curles per liter,
Multi;Zlczion of Cc by 103 will convert curies/liter to microcuries/

militliter. Tze eztire conversion factor for each ieotope is then

A

K -
A" o 10

The coz.ersion factor, KA’ for each of the six isotoper being studied

- are,;
Kag = %25 x 10715

X . 2.12 x 10717

90
-16
KIOS s 5.05x 10
-1l
K13’. = 2,72 x 10

. -17
Kl37 1.93 x 10

1%

K s 1.70 x 107

140
By mlsiplying cach :onversion factor by the reospeetive concentration
of ench icotop= !r atoms per Liter, the tollowing valucy were cbtalned.

cle9) o 2.7 x 10°3 ye/m

c{sw) a 2.4 x 1077 4e/ml
c(106) = 3.0 x 107 uc/ml
. ¢(13l) = 3.0 x 107 ye/md
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C(137) = 1.9 x 107 po/mt
c(140) « 2.2 x 1072 ue/ml

Case II

In this case the soluble fraction of the fallout particles deposited over
the entire vatershed was @&gsuned to have been transported to and homogeneously
dispersed in the streams and reservoirs. Other ussumptions were the came as
for Case I. To continue the Denver exa=ple, in Case II, the vatershed area of
8.29 x 10" r+% vas multiplicd by the N, value for each lsotope to give the
total number of atoms of each leclupe. The cemaining calculations were carried

out in the same fashion as for Case I,

Duluth, Minn,

The entire water supfly for the city of Duluth is obtained from Laoke Superior,
and hence, this situation 1s different from that at the other citie:c studied. The
Duluth intake line extcnds out 1156 feet into the lake and terminatcs at a lake
depth of 72 feet. The fallout deposited over this intake wus considered to be
evenly dispersed throughout this depth of wuter, and from this assumption the
nunber of atoms per unit volume and subtsequently the activity in uc/ml was calcue

lated.

,+» Conclusions

_In all of the caccs thus far studied, the time factor has not becn considered.
Even at an assumed wind velocity of 15 niles per hour, s number of hours would
have to clapse before the arrival of particulate mntter at the far renches of a
digtant wvatershcd. Even if the material landed directly in the wvater, much more

time would be involved in transportation in strcams and through reservoirs to the

w
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{ntake of the water wurke. There would be further delay iu getting into streams
thoge particles deposited initielly on dry surfaces. Another delay would be iun
tre occurance of rainfull of sufficlent intensity to dissolve and/or wash this

noterinl into strearme. All of this time will allovw radloactive decay to proceed

thue arcliorating the linzardous effects of the fallout.
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I. ILecontemination of Water Suppliee®

1. Removal by Conventioral Weter ‘Preei-ent Processes

Conventionnl municiyul water purificntion processes gererally inclule
seration, chemical coagulation vwith =cdimentoticn, rapid sand filiratiou and
chlorimtion(n). To a lesser extent, lime~soden ogh saftening and :slow c¢and
filtration are used. Fxcept for ceration. the procecses are capsble of removing
radioactive contamination to some dejpree, either singularly or v combination.

The decontanination capability of each typc of process is discussed seperately

s‘.-.a.":.' AP . SNBIAEE,

velov, with particular reference to Lhe cix elements, bariun, ceslum, iodine,

lanthanum, ruthenium and avrontium.

i B
-,

R

a. Chenmical Coagulation

3

The most common coagulants in water treatrmeut, aluminum and iron salts,

form aluminum or ferric hydroxides which precipitate as floe. The chemical
floc acts as an efficlent scavenger by adscorbing, 2tirapping or otherwise
bringing together suspended matter, particularly that vhich is colloidal in
nature. The artificial increasc of the alkalinity in water may also fom the
hydroxides of heavy metals, which co-precipltate with the aluminum or ferrie
hydroxide.

Coagulation, followed by scdlmentation, hos been extensively studied by

80) vith rcjouted removals of only 306 and S51% for Cs and Sr, respectively,

ORNL(
It appears that the method is effcctive for the removal of suspended or colloidal
material ard for mott catlons of valence 3, b or 5, including tha rarc-earths
group. Removals in excess of 98% have been reported for P-32 as the

or:hopho::phate(al)(az) .

Removal of Fa, 1 and La by cosguletion wes investigated by any(83),

vith a maximum of 70.7% found fer both Ba and La, but only 45% ror I.

* Refercnces begin on page 155.
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Matswnum(eh) stat¢es that Ru can be removed up to 924 by chemlesl

| - coagulation.

b. Rapid Snnd P{ltration

. The amount of mmdioactivity removed by filtratios wi1l1) very depenifcg on
the nature of the miterial. Y ead Zr, probably present in the colloidal .ta'e,

were remcved from ap te 93% by sand filtratloz slone as reported in A com-

(80)

prehens Lve CRMT, report , Whereze materials such as Sr {4%) and Co (<0%)
prescnt in true solutlion, were rot greatly rcduced by passaze through ¢and
Tilters. They further reported that Pa and Ia co1ld Ye removed up to 95%F s-.d
44, respectively.

No data were reported on the removal of T or Ri by repid sand
filtration.

¢. Chlorination

Hannah, et 81(85) studied various methods foy the rcmoval of Z-131
from water, and found that omall docages of chlorire in the presence of 130 ppm
activated carton produced uvp to 80% rcmoval. The a'-xt.hors(es) concluded that
the only cffective method found for removing I-131 with meterisls norrally
available in water treatment plants {nvolves chlorlnaticn followed by cdierption
of liverated fodire on activated carbon., The optimum chlorize doenges were
qaite small, 1.e., 3.05 to 0.1 ppm. The removal of I-131 dezrerses to less
tken 20% when the dosuge of chlorine increase: to ippm. Iherefore, normal
pre-chlorinstion employed by the water treatment plant could not te uced for
indire removal becauze the chlorine residucls would gencerally exccel the ree
gired dosage for activity removal., 3Jtatle foldine, 1n dosager greater than
0.01 ppm, Inhitlirl removal of I-131 with chlorine ard Ajua luchar A
{activuted charcoal). Variation of p4, achicved ty adlirg salfuric acid und

roifum nydroxide, was found to have little effect on the removel ol lodize

ty chlorine end activeted ckarcoal.




¢. Lime-Soda Ash Softening

Softening plants remove excessive amounts of scale-{forming, soap-
‘consuming compounds, chiefly cowprised of ik~ cations of calciun and mugnesium,
by the edditicn of lime and soda ash vhich preeipitates caleiun 28 a carbonate
and magnesfum as a hydrate, Becaure of *le similerity in the chemical picperties
between stroutium and calcium, the former Zoa is co-precipitated. For most
satisfactory removals of strontium, Poyt € fourd that crcess dosages of both
lime and .soda ash were required. Removal ericiencies of 99.7% @) are
possible under favorable cond!tions. Otker fsotopes which ¢as te effectively
removed by the lime-sods ash are: 3a, C4, ¥, Sc, Zr and Nb. The removal of Ba
(99%) and La (90%) wvas reported ty McCavle;, et al (87). ORKL €3) reported
tnat Cs could be removed by lime-soda softezing, tut not cfficfently (25%).

e, Slcw Sand Filtration

Downing, et al (99) rerorted that tze clow sand filter was very
effective in the removal of redfostrontium in the first few desys of operation,
but that the efficiency decreesed rapidly azd esscntially drops to zero at 1b

(9\‘ )

days. In another paper, preé,ented Yy Bden, et al , on experiments carried

out in the same Water Pollution Research Laoratory im Britain, the slow sand
filter appeared to be effective for only a few hours. The activity of the
effluent rose steadily and reached 30% of ize initial (unfiltered) water in

{
one day, 70% in 2 days, and 95% after 7 days., Eden, et nl g0)

algo reported
that iodine was not efficiently (50%) removed by the slow sand filter.

2. Removal by Non-Conventional Treatme:t Methods

Below are listed several methods of decoutamination of water not
commonly employed in ounicipal treatment plezts. Economic conslderations may
limit the use of many of these methods, except in emergency cases.

a. Jon Exchange

A fev water trcatment plants use ioz exchange ao & soriening reasure,

Resins have been found to provide one of the cost effective methods of
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decontanination. Jver 9'_1,91; remcvsl of 3a, C3, Ce, Cs, I, La and over 99%
removal of ¥ and Zr vun yeoted by OR% ™) 0nd arpalest and semmon 1)
reported wvorz using mixed beds. A decontamiration factor of J.Oh to 105 may te
echieved {f lonkage {e o) ininated @ ) The natural greensands, used in

eome municipal rof<ouing fuetcllatione, are not effective 13 the removal of
aniors.

.A_'!_t]'yy,gh the lou machiedge process offers one of the most promising
mathods for reuacving redfo-ontemivants, the cost myy preclude widespread
cpplicetion mirgs cuflei-lrn regoveration techniques are developed.

The pr.piVlity off sing rome water softeners, of ‘he jon exchange type,

e

tas teen discizned in the Litcrature .
Y. Fagophntae Congiistion
Sesaise thu couvenl.donal method cmploying alum or 1moa salt as tke

- Y ( i
coagvlant does rot effcoctively remove Sroend mauy other lsotopes, Laulerdale 5]
inversignsed phocphate esagilation as a means of increasing removals. A more

comprehensive ctudy woe meds later Ly liesbiit, et al v ) Pased on the
theoretical 2onsidcrationk, 03 well as experimental observations, Nesbitt (5]
concliuded that, tre mectariums of ke removael of rudioactivity are ccoprecipitation
and edsorption. DNesbiss, pephited a 934 strontium removel. The three variables
vhich were fo.nd te exerh lLhe grentest influence on cceg:lation were pH,
aniziem eonsenbration, wel phouphct.e conzeatration. Carcful control of there
vhriables ves noceysary Lo s hieve optimum ctroutliuws reaovals.
Twaura acd Sf.:‘u_“'m!b(()/‘) r<parted that Llrs cost natursl phosphetes
cold be wied in 'pp,a_-,c of »nifim phosptate. The ecuthors reporied thet over
Wh removils vera echiesot With Shess minernda,

Bemgral of §7.84 1 bn, 986 for In end 85% for R: heve been reported
(t;"). Sl et al (.‘ )

Ly Matcumaen report only 5% removal of Cu using

prosphate corgulation,
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¢, Modifiecd Coagulation cnd Lime-Sode Ash Softoning

A% Yeast two modiried coagulution processes have teen studied, one of

Wr1zh 13 the continuous addition of ciey. Cze modificzation of the prccess 18 -

+ha &ldition of smull amouxis of silver zitimte %o increase the removil of

1etlde. Tre romoval of §5.5% I-131 has tesn reported by Edea, ¢ tzﬂ.@3 ).

Lacy and de Lagu-- (93) report rewsrals of 99.7¢ for Ba erd Cs, and

y'{,'.'ﬁ for R wWrea coagalation is supplemeuted Yy cloy cldition, Cows=rT, €b 31'97)
urirg & Lima-goda ash sortening proceus with the additlcon of eiuy, roperted
tathenivm myoovals of 766, Tae remyral of ceslum averagel B5% with cley coses
ol 200 ppm.

4. Metallia Duste

Lv.-;,-(im) conducted laboratory Jar-test stuilec for the rcmoval of
radtoactive contaminants by employing various ccusentrations of powniered
nlrmirun, copper, 1ron and =ias. In general, highes% removaels were obtained
vith lron porder., Fkemovals of 37.2% of T were repsrted (&-)). In 1962, &
palent wan grented to Silker (e :')ror removing.P, As, Mn, the rare eartn metals,
sl Extinldes from agueouc zolutisas by sorptior on particles of aluminum metel.

¢, Clay Materials

Straub, et al (1) Azl othere 108 1103;71¢h) reported the use of various
typru of cleye (kao0linite, montmorilloslte and shzles) for tke removal of
rpunific radisicotopes from water and wacte aclutlozs. The clays were found
to Yo espcrinlly suitable for the rumoval of s, Zr exd Ib. With {4¢ addition
of 4,07 ppu of clay, removel of over 98% of Us vao raportad (80). Amphlat.t and
(o1)

eanon reported 95% removal of Sr. This method cun rot te cconomicaily

Jaetiried bozauge large volumes of cluy muct te handiel boil initielly and as
c. nadaminated sludge. T'tla methcd has Lic greasest potential use vwhere

gr vingle ard hydrnologic conditions ars sush that the ground L4celf may e

Lead Cor dispoesl of the egiudge. Siudies have airo bteer made (i2.,-26) on the
uee of cluy for high level vactce dispor:l ty fixing spucific radlcisotopes

1o cldy Yy mewns O Lign ‘emperaturs trewixent.
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f. Oxtda%lon-Reduction

This method was especially designed to {mprove In removel. Ruzhenium
is ofter preseat in the form of a nitrosyleruthenium conplex which is difficult
%o rexove ty coagulation procedures. iAn approach to the provlem, deccrited
by Amphlett eand Sammon (91), invclves pre-treatment with an oxidizing t;gent to
destroy the rutherlum complixis, {0iliecd Uy a vaicium phocphite-ferrous
phosphate floc in the precence of 1:(-‘:03- Yo maiutaia the ruthenium in a

reduced form. As high as 99% of rutiezfum vas reroved when 100 ppa LialiS0. was

3

used.

g+ Fosxing

A foem separation tecrnique, %ased on surfese activity phenomena, was
recently developed Ly Radlatioa Appli:zzt{ons, Inc., Long Islund City, liew Yorko’o.‘l).
A reduction of the concentration of redfoactive strontium-50 and cesium~137
from 10'5 to 10'12 molar in low-level ruclear waste was claimed, The concen-
tration of the foaming agent is one o the most critical factors in determining
the ceparation factor (surface adsorp:ion factor). A detailed discussion of
the theory as well as cxperimental ots=rvations of the foam separestion technigue
was presented by Schoen and Mazzella (lot). '

Lacyu)() invectigated the flot:tion process irn 1957 and reported
removals of up to 8% for Bu-140-La-1.2, 85% for Cs-137, 4% for Ru and 68% for
Sr-90. These studies were conducted using cetylpyridinium chloride as the cure

face-ective agent and fcaming by aerztiom.

3. Eaergencr Y:thods for the Decintamination of Radioactive Water

According to the literasture, vory few cmergency decontamination unlts
are novs availevble for municipal use, zizhough the U.S. Army has developed
several mobile urits which could Cind wide application for public use, 3everal

smaller decontamination units are comercially available, most of which employ

{forc exchange techniquecr.
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Supplem:atary tresiment %o whe conventional wvster Sreataeat processaes

w2:1d prebatly be the most efficient mroms of supplyin potable vater to a

lirze vamber of people, following radisective con'omination of Lhe water.

a. Muri:ipal Cize Lecontemiza*ion tite
(At

\;o(;.i.mri and Poreck repory oz en fon exchorge progeses tnul moy te
ued Lo fupplemcnt She rormal vaner treatment piocedure. An {on exchange
ctlum Lo the ferm ©f a cartridge t: inckrted fedd a0 cystem, and v dioposed
.t afver vreoakihirough occurs. The Lype of racin vwili vary azcciféiry to ‘le
rize after detonation that ihe water wiil te puib lubo uce. A mixedeted :':-euin
w211l Te receavary for immediate u-c of the weter, whereag o aption rmecin will
2JdTine for Lurg.term uzage, due 40 the cecay of chori~lived iodin=2~131,
ne Life of vach foo curtrfdge will deperd poa '}z 4atal zcifds preacat,
ALthnuagh large, cerirally lo.sied, deiontundnation anitc arc more
c:aromical, smaller deotentralized wnits woilld be preferable as the prodism

¢f water dishrivution »ould be leczered.

t. PFicld Decoztamination nlis

e 7.0, Army 6y 02 has Acvelopel exveral mubile decontnmination
wits primarily ror use bty troops fn the field, bu* these could alro be ocld to
e pply water for small popilation groups in caze of nuazlesr attack. One osuch
Wit 13 comprlsed of & flozculmbor, filters, auwsl~ted fon exthenge column
and a chlorinatore The entire wril §s mounted on two 2-'1/’2 ton tiucke. A
1,590 gpb ouvtpat 18 obsainable, Pegoneration of 4he ion exchange 125ins s
effested by hydrochloric acid and zoda ach.

¢. Mirzellancoas Tecortarinaticn Unita

vamat e chenlzel Compoxy has developed @ mixed loa cxchangz recin

2
e 4t ), vhiol has tesn {ond ucaful for <ne d=contamination of radlostilve
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vater. ‘e unft coceless of & ted of Atterlite reain 12~3 (IR-120 aad JPA-L10)
exd 1in cepeble of prosucing 10 gallcas 57 vater of 4riple distille? quality,
A ciilt developed Ly Leulerdale and Brons 0.03) zansists of “«in
colums of steel wool, burat elny erd ectivated 2azboz ‘1 ose colu=n and n
bieed Led for exshinge resin Ln the other. Approximatelr 30 Liters cf unter

£an b2 decinbaninntad wich ag officterny exacsding 99.9%.

(M 1
Meege L) and lacy 1A aescrive e ootrol of railovetive water Jecon-

tamination vheraby the water s pacsed tarcug: 8 column of natursl zrlepinls,
such 83 2ley, deaves, humus, grevel atd sand. Pezovals of over GYp wern
reported.  The problem would be to obtaln wncortuminated caterlals Crom (he
ecvirorment for ucse In guch & col.am.

L. Discussion and Conclusiozs

The more impurtuut rodicizotopes that appear inf:ifally ir ceriumianted

weter are Ba, Cs, I, La, Ru ard Sr., Isoboratory data ludjcate that ke

comdinntion of conventionul water tfeutmcnt methols, pansly, chemical coigue
lation, lime-coda ash noft ning, acd cand riltration, is copuble of wvwiving
97k rtrontfum. The rumoval of 951 lodtne can te accozplizhed by the uldition
of 3ilves fons. B8 cesfun van te ramoved by the Limeesoda ash garsening prozedwro

when proper amowits of clay ere added,

The eifiztleney of groes ustivity removml lice gererally tetgeon 2 ad

5 sex oD e on

T5% 11 plant seule operasiorn . The lower plant rcele efficlenzies, in
comparison 9 thre IAvoratory eouits, are belleved to resids from 4-e faot
thit: () orly one or two deconturiantlon pruceduen, ~ace those mertinynd,
tre r1ployed by the uvaunl vater trenizond plant, and tie oprrating cuwil bnn
may rot te copiimdied; and (b} In the Intoratory, the ralloactive miterinls are

generally prerent Ir the furm or sizple salba.  In contrazh, She rediotst ive

o e st~
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ratarials reaching the veter treetaert plunt ar: grazrally believed 20 be in
riemicel forms which ave more Aiffictlt to remove becsuie the portion winichk 18
™2dily removel kas elreely been eliminated by natiral decontaminatlon

A

ee2nanises tefore reuching tha wnter plart. Sebter azd Russell stated that

o0 lotger whe cotivity has been suojlected to suitirel purificatiozn, the more

10012 15 15 Lo remcve the remaining soluble activity Yy coaglation.
T3 £a>Géd be pointed ot here that She docorbaminatlion Antu mporied
{r the 1literatiure, toth on latoratory erd plast scale, are hesei on one of the

folloring three scurcee of radioactiviiy:

El) added radloactive asits

2$ lovelevel radfosectivity wacte

(3) 1long~renge (worli-wide) fallout from alnaic bomb teess

The chemiral and physical claracterigitics of rediasncfive materials froa
ary of the avove sourees 1s different from that prasexnt in local ¢allout. The
latter 1s characterized by i%s los weter solubilisy of 1% to 2% in comparisen

43 the 508 or higher solubillty of raliocestive swicrials cf 4he abive three

categories., Loe wvater soiubliity generally will incresne the remcval of local

f3llovl Tty 2caveaticnel water ireatmert mathods wilch are oftictent iz dealing

with particuiata o cclloil materialz,

Tre mexlmum decontenmination factor for cech of six scleclied elements
atove ere listed In Tatle X, Thece valuecs are baced on thne btest availavle data

in tke lifera%we, It ic emphesized thet the prrientage of removel is greatly

d~peaden on the chemicel form and physicel state of the radionetive cloment as

vell 23 the concertratior of the trcatmeat zdditives and other related conditiong

such &2 P74 ocnd Semperatura of the wuter. As un example of the decoutamiustion

fastors rejuirad to reduce uctivity to the M, tasel on hypothetical
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Tnble X

Maxinun Decortauination Factors Reported in the Lite-i1~ .-e “or Sclected Tsouopes

E:E"&M“ Decontantnation Factors (D.F.) and #e¢rezces
Method Bz-140 Cs-137 1131 Ta.14%0 R:-10% Sr.89,90
1. Chemical 3.4 1.5 1.8 3.4 22,8 2.0
Coaguletion (83) (20) (83) (8r) ) (30
2, Lime-3ods 102 1.3 - MR 10" pov| 3.3 x l-:r‘
Softening (87) (88) (87) ($2)
3. Rapid Send 2x 10t 2 NR 3.8 R 1.0-
' Filtration (20) (80) (80) (32}
b. Ton 0 103 103 ¥R 3.3 x 123
Exchenge (8)  (80) (91) (80) (8>
5. Phosphate 3.2 1.5 NR 5 x 1wt é.7 b5 ¢ 12t
. Coagulation {exs) (97) (84) {3%) (5
1 S |
6. Clay MR 5 x 10 .2 MR TR 2 %100
. (£0) %Bo) (91)
7. Metallle MR LR 1.6 MR IR KR
Dusts (80)
8. Coagulation v/ IR NR 2.2 R IR NR
Silver Ions (95)
9. Oxidetion. IR IR ¥R MR 107 NR
Réduction (s1)
10. Coegulation 2.3 x 10! 3.3 x 10} :m SR 3.9 NR
with Cley (9) (%) (39)
11. Lime Soda IR 7.1 IR NR 4.2 hR
with Clay (97) {97)
17. Poaming L5 6.7 IR 4.5 3.9 3.1
(Flotation) (109)  (109) (109) (109) (1039)
13. Slov Sand IR MR 2 R R KR
Filtration (90)
Hotes:
. (1) Percent Removal = 100 - (D—li:-)wo

(2) RN - not reported {u literature revieved
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‘orieaicaizon of the Springfietd, Mass., watcrshed (as reported elsevher: in
tais repic=), Toble XTI wvus prepared. It 18 apparent from this taols that ion
tactange 1 the only girsle decontazination procesa( that will adequately remove
%A ainlm = concentration repox‘.ed-for the six celected i;aotopéa‘ana that no

prress <11 adequstely remove the cexiorim rediocontamirant, namely I-131.

-
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